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Abstract: 
Variation in parasitoid responses to semiochemicals may be influenced by genetics, 
phenotypic plasticity and the individual's physiological state. Previous experimental work has 
indicated a high degree of variability among parasitoid individuals in their response to aphid 
sex pheromones but no work has been done to investigate the factors behind such variation. 
Some aspects of this variation were investigated in the aphid parasitoid Aphidius ervi 
(Haliday) (Hymenoptera: Braconidae) in the laboratory. Conducting behavioural experiments, 
the searching behaviour of females was investigated in the presence and the absence of the 
aphid sex pheromone (4GS,7S,7a/?)-nepetalactone, observing the same individual female 
parasitoids during two consecutive foraging attempts on different plants. The first set of 
observational experiments demonstrated the role of the pheromone as an arrestant in the 
searching behaviour of A. ervi and its additive effect when it was presented with other 
foraging cues such as aphid-induced plant volatiles. The second set of behavioural 
experiments showed significant differences in A. ervi responses to the pheromone depending 
on their physiological state. Virgin, well-fed and high egg-load females were more active in 
the presence of the aphid sex pheromone than mated, hungry and low egg-load females 
although there were no significant differences in their activities in the first foraging attempt 
when the pheromone was absent. The effect of the pheromone on the searching behaviour of 
A. ervi within different tritrophic systems was investigated. The results showed variation in 
this response depending on which host aphid and/or the host plant they had been reared, 
showing that "conditioning" may have an influence on this response. Using two isofemale 
lines and an insectary-maintained laboratory population of A.ervi, the genetic basis of this 
response was investigated. The behavioural experiments showed no significant differences 
between the three different populations in their response to aphid sex pheromones. A 
supportive molecular study using DNA microsatellites v/as also conducted, which revealed low 
genetic variability among the three studied populations. The results are discussed in the 
context of using the response of A. ervi to aphid sex pheromones in a strategy to manipulate 
natural populations of the parasitoid for the biological control of aphids and the importance 
of studying the variation in this response to increase the effectiveness of such strategy. 
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Chapter 1 Literature review 
Chapter 1 Literature review and introduction 
1.1 Aphids and parasitoids in agroecosvstems: 
1.1.1 Aphids as pests of agricultural crops: 
Aphids (Homoptera: Aphididae) are considered one of the major groups of agricultural and 
horticultural pests in temperate and tropical regions of the world. In Britain, they attack 
some of the important economic crops, often causing losses in yield. In cereals, the most 
damaging species are the English grain aphid Sitobion avenae (F.) and the bird cherry-oat 
aphid R/7opa/os;p/7um padi (L.)(Dean 1973, 1974; Carter et aL 1984). Leguminous crops are 
attacked by the pea aphid Aq/rthosiphon pisum (Harris) and the black bean aphid Aphis fabae 
Scopoli. In brassica vegetables and oilseed rape, the peach-potato aphid Alyzus persicae 
(Sulzer) and the cabbage aphid Brevicoryne brassicae (L.) are the main pests. 
Aphids cause direct injury by feeding on the plant phloem and draining nutrients and 
through the toxic effects of their saliva, and indirect injury, by transmitting viral diseases 
(Kennedy et al. 1962). Much of the harm caused by aphid feeding is probably due to 
substances introduced into the attacked plant more than the removal of sap, as their toxic 
saliva, which is discharged into the plant, has damaging effects such as local tissue 
senescence, leaf curling and gall formation (Miles 1989). The most vital role of aphids in 
agriculture is as vectors of some dangerous plant viruses, which are acquired and transmitted 
between plants via aphids and can have a major effect on arable crops (Sylverster 1989; Hull 
2002) such on cereals (Plumb 2002), potatoes (Salazar 1996; Brunt and Loebenstein 2001), 
and sugar beet (Stevens et aL 2004). 
Because aphids can cause serious economic losses, they are heavily targeted v/ith a 
range of insecticides approved for use on different crops in the UK (Dewar 2007; Whitehead 
2007). However, the extensive use of insecticides has resulted in the development of 
insecticide-resistance by some aphid species (Foster et al. 2007) with resistance being 
particularly severe and widespread in Ai. persicae and Aphis sossypii Glover, first recorded by 
Anthon (1955) and Ghong et al. (1964) respectively. Therefore, knowledge of the biology of 
1 
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aphids and their life cycles is of central importance for the successful management of the 
aphids themselves and of the diseases they transmit (Moran 1992; Hales et aL 1997). 
1.1.2 Aphid life cycles: 
Aphids are fascinating insects in terms of reproductive and overwintering strategies, with a 
diverse range of relaitively complicated life cycles. Each life cycle has different stages in 
which one or rhore specialist morphs are dominant. Moreover, each one of these different 
morphs has a specific task during the complete life cycle, divided between reproduction, 
dispersal, and surviving lack of food supply and adverse climactic conditions (Williams and 
Dixon 2007). Aphid life cycles are divided according to the utilization of the host plant into: 
host alternating (heteroecious) and non-host alternating (monoecious or autoecious). 
Host-alternating aphids (Heteroecious): 
The life cycle involves two types of host plant: a winter (primary) host, which is usually a 
woody host, and a summer (secondary) herbaceous host (Leather 1992). On the former, 
mating occurs in autumn and the fertilised females lay overwintering eggs. The eggs hatch in 
spring or summer and the initial two or three v/ingless (= apterous) generations (fundatrices 
and fundatrigeniae) give rise to alate (winged) emigrants which fly to the secondary host, 
where several parthenogenetic generations (virginoparae) occur through the summer. Most of 
the time virginoparae females are v/ingless; however, alate (v/inged) virginoparae may be 
produced and fly to other secondary hosts, under certain circumstances such as overcrowding 
and nutrition shortage. In autumn, winged males and alate females (gynoparae) develop and 
migrate back to the primary host where the gynoparae produce sexual females (oviparae). 
The latter then mate v^th the males and lay overwintering eggs and the developing embryos 
enter diapause until the following spring (Moran 1992; Vorburger 2004). Although only 10 % of 
aphid species have a heteroecious life cycle, host alternation is wide spread across aphid 
groups, being found in four of the eight subfamilies of the Aphididae (Aphidinae, Anoeciinae, 
Hormaphidinae and Eriosomatinae) (Shaposhnikov 1981), suggesting that this life cycle has 
evolved several times in aphids. There are two main hypotheses discussing the evolutionary 
origins of host alternation, the adaptive (or complementary) and the maladaptive (or 
fundatrix constraint). The adaptive hypothesis assumes that the significant losses occurred 
2 
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during migration (Taylor 1977) are balanced by the increased fitness during the summer 
compared to that if the aphid had stayed on the primary host (Kundu and Dixon 1995). The 
maladaptive hypothesis assumes that the fundatrix are highly adaptive to the primary host 
and can not survive on the secondary host that the aphids have to return to their primary host 
(Dixon 1998). Although, there is a debate between the two hypotheses, the central idea of 
both of them is that the population growth rate on herbaceous plants in summer is 
significantly greater than if aphids remained on the primary host (Kundu and Dixon 1995). 
Non-host-alternating aphids (Monoecious): 
Some aphids live only on trees and others live only on herbaceous hosts or grasses and 
therefore the latter can be found on crops throughout part or all the year. Many of the 
monoecious aphids that now live only on herbaceous plants have evolved from heteroecious 
species that no longer exploit their primary host. In general, the same morphs involved in the 
heteroecious life cycle are found in the monoecious life cycles and their characteristics are 
largely the same, with some differences (for details see Williams and Dixon 2007). 
All the life cycles described above are holocyclic, meaning that they have both sexual 
and asexual (parthenogenetic) phases; a generalised holocyclic aphid life cycle is presented in 
Figure 1.1. However, some aphids do not complete such life cycles and they can exist as 
parthenogenetic morphs throughout the year displaying what is called anholocycly. In 
anholocyclic life cycles, aphids can survive winter conditions as mobile parthenogenetic 
females (Dixon 1987; Leather 1992), although in temperate areas they frequently suffer 
exceptionally high mortality (Harrington and Cheng 1984; Leather 1993; Williams et aL 2000). 
For the holocyclic aphids, laying of diapausing eggs by mated sexual females in autumn, is the 
form in which these aphids face the cold winter (Leather 1993). Some aphid species maintain 
the ability to form holocyclic or anholocyclic clones depending on the severity of venter 
conditions (Dedryver et a/. 1998). 
As the pea aphid A. pisum was the main species used throughout my study, its biology 
will be described in more detail. 
3 
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Biolow of the pea aphid, Acyrthosiphon pisum: 
A. pisum is a non-host-alternating aphid. While it is holocyclic on various leguminous hosts in 
temperate regions, it is a facultative anholocyclic species in v/armer climates (Blackman and 
Eastop 2000). Although asexual females are the main form seen during summer, some clones 
of A. pisum also produce parthenogenetic females during short day conditions (MacKay 1989). 
Pea aphids develop quickly, taking only 10 days to develop from first instar to reproducing 
adults. The parthenogenetic females produce as many as four nymphs per day, which go 
through four juvenile instars in -7 days at normal summer temperatures (Hutchinson and Hogg 
1985; Thiboldeaux 1986). 
4 
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1.1.3 Biology of aphid parasitoids (Braconidae: Aphidiinae): 
Aphids are attacked by two groups of hymenopterous parasitoids, the Aphidiinae 
(Ichneumonidea: Braconidae) and Aphelinidae (Chalcidoidea). However, Aphidiinae is the 
group which is the most abundant and efficient in aphid population regulation. While all the 
members of this subfamily are exclusively parasitic upon aphids, only a few aphelinids are 
associated with aphids. The biology of aphelinids attacking aphids is reviewed by Stary 
(1988a). 
Aphidiines are small black or brown wasps, ranging from one to several mm in size. 
They are all solitary endoparasitoids of aphids, each host sustaining a single parasitic wasp. 
More than 400 species are found worldwide, and their distribution is tightly coupled to that of 
their hosts, with the greatest diversity occurring in the temperate and subtropical belts of the 
northern hemisphere (Stary 1988b). Generally, they are considered as a subfamily within the 
Braconidae (Aphidiinae), however, some authors place them as a separate family, Aphidiidae 
(Michaud and Mackauer 1995; Reed et aL 1995; Micha et aL 2000; He and Wang 2006a). Stary 
(1987) gave a subject bibliography of the Aphidiidae up to the year 1982; in addition, 
comprehensive reviews concerned with many aspects of their biology were provided by 
(Mackauer and Stary 1967; Stary 1970, 1988b; Hagvar and Hofsvang 1991). 
Only the aphid parasitoid Aphidius ervi Haliday (Hymenoptera: Braconidae) was used 
as a model in the tritrophic systems under study. Therefore, more details about its biology 
and life cycle will be reviewed here. 
Biology of A. ervi" (life cycle, emergence, oviposition behaviour, sexual 
maturation and mating): 
Aphidius ervi is a solitary koinobiont (the aphid host continues to develop as the parasitoid's 
offspring matures) endoparasitoid of several aphid pests on economically important crops 
such as legumes and cereals (Stary 1978, 1981; Powell 1982; Pennacchio 1990). Its main hosts 
in the United Kingdom are the pea aphid A. pisum feeding on legumes, the nettle aphid 
Microlophium carnosum (Buckton) feeding on the perennial stinging nettle (Urtica dioica) and 
the cereal aphids S. avenae and Metopolophium dirhodum (Walker) feeding on cereals and 
grasses, although the form attacking nettle aphids has been described as a separate species 
6 
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Aphidius microlophii (Pennacchio and Tremblay 1987). The female wasp deposits a single egg 
into each host, usually an early instar aphid, (Figure 1.2) together with ovarian fluid and 
venom that contribute to the regulation of host development (Digilio et aL 1998; Falabella.et 
al. 2000). On hatching, the membrane surrounding the egg disintegrates into separate cells, 
known as teratocytes, on which the developing larva initially feeds. Three larval stages are 
recognized for A. ervi and at the end of the parasitoid's larval development the soft internal 
parts of the aphid's body are completely devoured by the mature madibulate larva leaving 
the external cuticle only, and ultimately causing the aphid death (Pennacchio and Digilio 
1990). The exoskeleton of the aphid is attached to the substrate by a secretion from the 
parasitoid's silk glands and forms the distinctive aphid "mummy" (Figure 1.3). it takes -8 
days between depositing the egg and killing the parasitised aphid at average summer 
temperatures in the UK. After that, the "mummy" serves as a shelter, v/ithin which the 
parasitoid spins a cocoon and pupates, and" then it takes ~ 4-5 days to emerge from the 
mummy as an adult parasitoid. Several generations occur during the year and, in temperate 
zones, A. ervi overwinters as a diapausing final-stage larva and, as in its aphid host, A. pisum, 
diapause is induced by photoperiod (Christiansen-Weniger and Hardie 1997) and temperature 
(Christiansen-Weniger and Hardie 1999). Diapause is one of the adaptations that parasitoids 
have evolved to improve the synchronisation of their life cycle with that of their hosts for 
optimal exploitation of resources (Polgar and Hardie 2000). 
The adult parasitoid emerges from the pupa and leaves the mummy via a circular hole 
which it cuts in the abdomen (Figure 1.4). The circadian patterns of emergence and 
oviposition behaviour, and sexual maturation in parasitoids are the key to the development of 
mass-rearing and better understanding of biological control ecology of parasitoids (Cameron 
and Walker 1989; Armstrong et al. 1996). Insect emergence is usually a rhythmic process 
(Saunders 1982). in the parasitic hymenopterans, the emergence rhythmicity is often 
harmonized with mating (Nadel and Luck 1992) and oviposition (Armstrong et al. 1996; Couch 
et al. 1997) for maximum reproductive fitness. Many studies have covered the daily activity 
patterns in some parasitic hymenopterans (Armstrong et aL 1996; Couch et al. 1997; Fantinou 
et al. 1998). He et al. (2004) investigated the circadian emergence and oviposition patterns in 
A. ervi and found that about 95% of parasitoids emerged during the photophase and the 
developmental time from oviposition to emergence was significantly shorter for males than 
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that for females.. Accordingly, A. erW is considered as a protandrous species (males emerge 
earlier than females). However, the insemination of A. ervi females occurs once during their 
lifespan, limiting the male's opportunity to encounter a virgin female. Quicke (1997) 
suggested that protandry is common in many parasitoids because the later the emergence of 
males, the greater is the chance that the females they encounter will already have mated, 
and the higher is the risk of males failing to pass on their genes. 
It has also been suggested by Quicke (1997) that most oviposition by parasitoid 
species occurs in the morning. On the other hand, other patterns have been noticed, such as 
the Sitona weevil parasitoid, Microctonus aethiopoides Loan, where oviposition may occur 
either during light or dark and where the circadian oviposition activity corresponds v/ith its 
host activity (i.e. feeding and oviposition) (Armstrong et aL 1996; Couch et aL 1997). With 
regards to A. ervi, Michaud and Mackauer (1994) reported that A. ervi could oviposit in A. 
pisum in both photophase and scotophase. However, He et aL (2004) found that, during the 
photophase, the number of laid eggs and parasitism (number of aphids parasitized) per 
oviposition about (2 hours oviposition period) were significantly greater than that during the 
scotophase. Those results could be due to the visual cues that play an Important role in the 
oviposition behaviour in A. ervi (Battaglia et aL 1996; BattagUa et aL 2000). Moreover, A. 
ervi females laid fewer eggs and attacked fewer aphids, even when they had sufficient eggs, 
during dark conditions. Therefore, the light regime is considered as an exogenous factor in 
determining the oviposition behaviour of A. ervi (Michaud and Mackauer 1994). 
The mating and courtship behaviour of A. ervi can be divided into three stages: v/ing 
vibration, mounting and copulation (Figure 1.5). Additionally, He et aL (2004) found that 
newly emerged males were able to display their courtship behaviour but failed to mate until 
they were 4 hours old and newly emerged females were able to entice the male's courtship 
and successfully mate. Therefore, the early emergence of A. ervi males may be an effective 
strategy for higher reproductive fitness. For example, early-emerging males are likely to 
meet virgin females (Nadel and Luck 1992), inseminate more females (Waage and Ming 1984), 
and decrease the risk of females' fatality before oviposition (Fagerstrom and Wiklund 1982). 
Also, McClure et aL (2007) showed that mating behaviour in A. ervi is mediated by sex 
pheromones released by virgin females. However, because reproduction in A. ervi is 
arrhenotokous (unfertilised eggs produce males, fertilised eggs produce females) and virgin 
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females can start to lay eggs within 30 minutes after their emergence (He, X. Z. unpublished 
data), the female parasitoids' need for mating is just for producing female progeny. 
Figure 1.2 A. ervi female depositing an egg in its host pea aphid A. pisum. 
Figure 1.3 Mummy caused by the parasitization of A. ervi on the pea aphid A. pisum. 
9 
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(Hodgson and Aveling 1988) and lacewings (New 1988). Additionally, aphids are attacked by 
some polyphagous groups; carabid and staphylinid beetles, linyphiid spiders (Sunderland 1988) 
and certain gall nriidges (Diptera: Cecidbmyiidae) (Nijveldt 1988). Aphid parasitoids are 
viewed as being a particularly efficient component of this enemy complex, because of their 
short developmental time, short life cycle and high fecundity (Mackauer and Volkl 1993). 
Moreover, evidence suggests that the Aphidiinae play a crucial role in regulation of aphid 
populations, especially when the aphid population is still at the initial phase of growth 
(Wratten and Powell 1991; Levie et aL 2000; Sigsgaard 2002). However, there are several 
factors that may limit the effectiveness of the parasitoids in many situations, such as poor 
early-season synchrony between aphids and the parasitoids, hyperparasitism and intraguild 
predation (Sunderland et aL 1997). 
Early-season synchrony: 
it has been reported in the UK that in cereal fields natural aphid control is frequently 
effective to prevent economic crop damage, especially if there is good synchronisation 
between parasitoids and the aphid immigration in spring (Powell 2000). However, this 
important synchrony is sometimes disrupted due to several factors such as unfavourable 
climatic conditions and agronomic practices. For instance, mild winter is known to support 
the early-season parasitoid activity, while severe cold conditions can kill anholocyclic aphids 
in winter crops such as cereals and destroy any parasitoids inside them (Voriey 1986). 
Hyperparasitism: 
Aphidiine parasitic wasps are themselves attacked by secondary parasitoids 
(hyperparasitoids), belonging to the hymenopteran families Cynipidae, Encyrtidae, 
Eulophidae, Megaspilidae and Pteromalidae. Details about their biology and taxonomy are 
reviewed by Sullivan (1987, 1988). A hyperparasitoid can lay an egg either into the aphidiine 
larva within the live aphid prior to mummification (endoparasitoid) or onto the surface of the 
aphidiine larva inside the mummy itself (ectoparasitoid). Hyperparasitism has been studied in 
cereal aphids (Holler et aL 1993), cabbage aphids (Horn 1989) and pea aphids (van den Bosch 
et aL 1982). There is a controversial debate regarding the severity of hyperparasitoid effects 
on aphid parasitoid efficiency. Some authors argued that, during the late season of growth. 
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hyperparasitism can frequently exceeded 50% in field samples (Sullivan and van den Bosch 
1971; Horn 1989; Volkl 1992). On the other hand, Mackauer and Volkl (1993) suggested that 
the aphidiines efficiency to regulate aphid populations is limited by foraging strategies and 
oviposition decisions more than by hyperparasitism. Holler et al. (1993) proposed that 
parasitoid females actively leave areas with high hyperparasitoid densities. Holler et al. 
(1994) presented evidence that the leaving behaviour of parasitoids was affected by the 
presence of the female hyperparasitoids not by the males, and suggested that it was 
mediated by the detection of hyperparasitoid-produced volatile semiochemicals. Moreover, 
Petersen et aL (2001) showed that the primary parasitoid, Aphidius uzbekistanicus Luzhetski, 
spent significantly less time searching an aphid colony in the presence of its hyperparasitoid, 
Alloxysta victrix (Westwood). The importance of hyperparasitoids is still unclear, especially 
because they are more active in the late growing season, whereas aphid parasitoids have 
their peak of effect as biological control agents at the start of the season. However, there is 
an increasing interest in their foraging behaviour and chemical ecology (Buitenhuis et al. 
2004; Buitenhuis et aL 2005) 
IntraquUd predation: 
Most species of predators and parasitoids respond significantly to aphid density by aggregating 
in aphid patches (Frazer 1988b; Mackauer and Volkl 1993), and that leads to an ideal 
environment for intra-and interspecific encounters or what is called intraguild interactions 
(Brodeur and Rosenheim 2000). Multiple enemy species may act synergistically on their shared 
prey or host in a similar habitat (Colfer and Rosenheim 2001; Snyder and Ives 2003). On the 
contrary, intraguild predation (IGP) (interactions between organisms that operate at the same 
trophic level and compete for similar resources), and in particular predation of parasitised 
pests, nriay hinder biological control (Rosenheim et al. 1995; Raymond et al. 2000). 
Additionally, intraguild interactions can have non-lethal behavioural effects, such as the 
avoidance of IGP by parasitoids and consequent interference with their foraging process, 
which may also affect the parasitoid effectiveness (Bilu and Coll 2007). Taylor et al. (1998) 
demonstrated that A. ervi avoids patches visited by the intraguild predator CoccineUa 
septempunctata L. (Coleoptera: Coccinellidae) or patches with the predator present. 
Nakashima and Senoo (2003) showed that this avoidance behaviour of A. ervi was influenced 
12 
Chapter 1 Literature review 
by oviposition experience; inexperienced parasitoids being less sensitive to the trails of 
intraguild predators. Nakashima et al. (2004; 2006) provided strong evidence that this 
avoidance is chemically mediated. 
1.2 Foraging behaviour of aphid parasitoids: 
Upon emergence, female parasitoids must be able to locate suitable hosts in order to oviposit 
and produce their progeny ;for survival. Each attacked host means a new parasitoid and for 
that, host selection is a critical stage for the final parasitism rate. However, emerged 
parasitoids are confronted with a complex environment in terms of spatial scales and 
microclimatic conditions (Casas 2000), in which they must search and locate the suitable 
hosts. To achieve this, parasitoids gradually reduce the searching area via a series of 
behavioural steps. Those steps that lead to a successful parasitism have been divided into 5 
stages (Vinson 1976, 1981, 1984c): host habitat location, host location, host acceptance, host 
suitability and host regulation. The final two stages involve physiological and developmental 
interactions between the host and the parasitoid egg or larva and v/ill not be discussed here. 
However, the first three steps are generally referred to as foraging and they involve 
responses to different stimuli (olfactory, visual and tactile) to physically bring the foraging 
female closer to a suitable host and allow it to recognise that host (Vinson 1976; Vet et al. 
1990a). Before discussing these three steps and the strategies used by parasitoids within each 
of them, it is important to outline the terminology assodated with semiochemicals. 
Semiochemicals terminology: 
Natural chemicals that mediate interactions between organisms are known generally as 
semiochemicals (Nordlund and Lewis 1976). Nordlund and Lewis (1976) defined two main 
categories v/ithin semiochemicals: pheromones when they mediate intraspecific interactions 
and allelochemicals when they mediate interspecific interactions. In turn they divided 
allelochemicals into three main categories: kairomones when the substance provokes a 
reaction that is only beneficial to the receiver; allomones when the chemical component 
induces a reaction that is only beneficial to the emitter; and synomones when it provokes a 
reaction that is beneficial to both the emitter and the receiver. Dicke and Sabelis (1988) 
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introduced the term infochemicals, to replace the term semiochemicals, referring to 
chemicals that convey information between two organisms and which induce, in the receiver, 
a behavioural or physiological response. They also revised the above terminology according to 
cost-benefit analysis rather than to the origin of the chemicals. Currently, their terminology 
is sometimes used, but the term semiochemicals is still widely used. The definition of 
relevant terms is given in Table 1.1. 
Term Definition 
Semiochemjcal A chemical involved in an interaction between organisms 
Infochemicals A chemical that conveys information in an interaction between organisms 
Pheromone A chemical that mediates an interaction between individuals of the same species 
Allelochemical A chemical that mediates an interaction between individuals of different species 
• Kairomone A chemical that provokes a response in a receiving organism that is beneficial to 
the receiver but not the emitter 
• Allomone A chemical that provokes a response in a receiving organism that is beneficial to 
the emitter but not the receiver 
• Synomone A chemical that provokes a response in a receiving organism that is beneficial to 
both the emitter and the receiver 
Table 1.1 Terminology of chemicals that mediate interactions between organisms. Adapted from 
Nordlund and Lewis (1976) and Dicke and Sabelis (1988). 
1.2.1 Habitat location: 
At this initial stage of the foraging process, aphid parasitoids use visual and olfactory cues to 
locate a suitable habitat and the focus here will be on the olfactory cues. 
Aphid parasitoids use olfactory cues emitted by food plants of their hosts and/or the 
plant-host complex (PHC) for the initial location of a habitat (Vet and Dicke 1992). Volatiles 
from plants are very abundant compared with volatiles emitted by the host itself or by the 
PHC, but, the evolution of innate responses to these volatiles will depend on how predictable 
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infestation is in a foraging habitat over space and time (Vet and Dicke 1992; Vet 1999). In 
general, responses to undamaged plants are not a reliable source of information since they do 
not guarantee the presence of hosts. Therefore, the importance of such cues depends on the 
system and often on the parasitoid experience (Vet et aL 1998). In olfactometer bioassays, 
the cereal aphid parasitoid, Aphidius uzbekistanicus, and A. ervi responded to uninfested 
leaves of their host plants (Pov/ell and ZhangZhi 1983). Reed et aL (1995), in olfactory tests, 
found no attraction of Diaeretiella rapae (M'Intosh) to undamaged cabbage leaves but they 
were attracted to cabbage leaves infested with B. brassicae. Wickremasinghe and van Emden 
(1992) tested the responses of several aphid parasitoids, including A. en/i, to aphids and host 
plants in a Y-tube olfactometer. Their results showed that the response to the plant on which 
the wasps were reared was greater than to their host aphids, but the strongest response was 
to the PHC. There is evidence from many systems that parasitoids respond to infested plants 
more than to undamaged ones. In wind tunnel tests, A. ervi wasps made more upwind flights 
in response to PHC than to either aphids or plants alone (Guerrieri et al. 1993). Also, Du et al. 
(1996) found that the response of A. ervi to damaged plants was specific to the aphid species 
presented on the plant since the presence of the non-host aphid Aphis fabae (Scopoli) on 
broad bean plants did not elicit a greater response from A. ervi compared to undamaged 
broad bean plants whereas those infested with the host aphid A. pisum did. On the other 
hand, the aphid parasitoids Aphidius colemani Viereck and Lysiphlebus testaceipes (Cresson) 
did not show a preference for aphid infested over uninfested cucumber {Cucumis sativa) (Lo 
Pinto et al. 2004) and D. rape showed a preference for Lipaphis erysfmj-infested turnip 
{Brassica rapae) over undamaged turnip, but not Myzus pers/cae-infested turnip (Blande 
2004). 
Olfactory cues emitted by hosts generally act over relatively short distances or in 
contact (Vinson 1984c). However, in field experiments, parasitoids of the genus Praon were 
attracted to traps baited with synthetic aphid sex pheromones (Hardie et al. 1991; Powell et 
al. 1993). Aphid sex pheromones are released by the sexual females of holocyclic aphids in 
autumn and can be considered as a reliable cue of the host presence for parasitoids. Praon 
females were captured in pheromone-baited traps placed in cereal fields in autumn (Hardie 
et al. 1994a). This suggests that parasitoids can use those host-derived kairomones as long-
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distance cues. Aphid sex pheromones and their role in host finding by parasitoids are 
reviewed in Section (1.5). 
RetiabUitv-detectabUitv problem: 
The trade-off between the availability of chemical volatiles and the amount of information 
they provide has been termed the reUabUity-detectabiiity problem (Vet et aL 1991; Vet and 
Dicke 1992). For example, plant volatiles are more abundant, and therefore more detectable, 
than host insect volatiles because of the plants' larger biomass but less reliable as they do 
not guarantee the host's presence. By contrast, volatiles emitted by the host itself are 
reliable indicators of the host presence, but less detectable especially from long distance 
because hosts are very small components of a complex environment and produce cues in 
minute amounts and are therefore difficult to detect (Vet and Dicke 1992). One mechanism a 
parasitoid can use to overcome the reliability-detectability problem is by responding to 
volatiles specifically produced by plants that have been attacked by the host insect 
(herbivore-induced synomones). This mechanism provides detectable quantities of volatiles 
because they are produced by the plants and are reliable volatiles with respect to herbivore 
presence (Vet and Dicke 1992). This response does not involve only parasitoids as in the 
examples mentioned above but also has been found for many species of carnivorous arthropod 
(Dwumfour 1992; Janssen 1999; Drukker et al. 2000; Ninkovic et aL 2001; Shimoda et aL 
2002; Lou and Cheng 2003; Zhu et aL 2005; Moayeri et aL 2007), so it seems a general 
response among natural enemies of herbivore insects. 
1.2.2 Host location and host acceptance: 
Once a suitable habitat is located, a female parasitoid starts to search for hosts on, or near 
the host plants using physical and chemical cues which are usually considered to operate over 
a relatively short distance or on contact (Vinson 1984b). These cues, which may originate 
from the hosts themselves or from the host products, can affect the wasps' behaviour such as 
walking time, searching time on the plant, the orientation, patch residence time and 
oviposition behaviour. Host preference has an important influence on finding and accepting 
the host in these stages. Wickremasinghe and van Emden (1992) investigated the responses of 
several parasitoids species in Y-tube bioassays. Aphidius rhopalosiphi De Stefani Perez, 
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Lysiphlebus fabarum (Marshall), a Trioxys species and a species of Praon were all attracted to 
their respective host aphids. A. ervi was attracted to the nettle aphid Microlophium 
carnosum (Buckton). However, in another experiment A. ervi showed no response to nettle 
aphid (Powell and ZhangZhi 1983). Moreover, Powell and Wright (1988) found that A. ervi 
cultured on pea aphid, A. pisum, produced few mummies when confined with nettle aphid, 
M. carnosum, whereas those cultured on M. carnosum produced as many mummies on A. 
pisum as they did on their original host. At that time, the existence of spedalised races of A. 
ervi in the field was suggested. However, more genetic investigations (Nemec and Stary 1983) 
and morphological and behavioural studies resulted in the description of the nettle-system A. 
ervi as a separate species, Aphidius microlophii Pennacchio and Tremblay (Pennacchio and 
Tremblay 1987). There is strong evidence that some parasitoids can pick up olfactory cues 
from their mummy cases during adult emergence, which then influence subsequent foraging 
decisions, as has been shown for A. rhopalosiphi (van Emdeh et al. 1996; Muratori et al. 2006) 
and A. colemani (Storeck et aL 2000). Honeydew, an aphid waste product mainly composed 
of sugars and amino acids (Auclair 1963), is used as an infochemical by foraging parasitoids 
during host searching. Gardner and Dixon (1985) found that A. rhopalosiphi significantly spent 
more time searching on wheat plants in the presence of honeydew. Aphidius nigripes 
Ashmead spent twice the time searching on potatoes contaminated with the honeydew of its 
host Macrosiphum euphorbiae, than on clean plants (Cloutier and Bauduin 1990). Budenberg 
et aL (1992) found that the residence time of A. rhopalosiphi was higher on honeydew 
contaminated plants, when the wasps were released into dispersal cages containing wheat 
plants. However, the application of artificial honeydew did not increase parasitism of 
Sitobion avenae. When tested in a Petri dish arena, A. rhopalosiphi individuals increased their 
searching time and decreased their walking speed in response to honeydew (Budenberg 1990). 
When wasps were separated from the honeydew by gauze, they did not show the same 
response suggesting that honeydew acts as a contact Kairomone. it is important to point out 
here that honeydew is a food source for adult parasitoids (Hogervorst et al. 2003; Wackers 
2005; Hogervorst et al. 2007) and it is possible that parasitoids are attracted to it purely for 
seeking food (Budenberg 1990). However, the wasps used in most of the tests described above 
were fed on honey prior to tests and it is likely that honeydew does act as a host foraging 
stimulant, since it has repeatedly been shown to increase searching time in aphid parasitoids. 
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Bouchard and Cloutier (1984) found that the artificial application of sucrose solution (a 
component of the honeydew) to leaves did not provoke the same response in A. nigripes as 
did the natural honeydew. 
Host acceptance: 
After locating a host, the parasitoid must decide whether to accept or reject it for 
oviposition. Host acceptance may be influenced by many factors including: host species, host 
abundance and quality, and to determine and assess these factors, parasitoids use visual and 
tactile stimuli as well as internal and external host kairomones. 
Daza-Bustamante et aL (2003) showed that the behaviour of females of A. ervi during 
oviposition, such as frequency of encounters, number of attacks and stabbings of host aphids, 
were significantly greater in Acyrthosiphon pisum_ A. ervi interactions than in Sitobion 
avenae _ A. ervi interactions, regardless of the origin of parasitoids. The authors suggested 
that these differences could be related to aphid body size as A. pisum is larger than S. avenae 
and thus more likely to be encountered. Ode et aL (2005) measured the acceptance and 
suitability of four aphid species Aphis gossypii Glover, M. persicae, R. padi, and Schizaphis 
graminum (Rondani) for the parasitoid A. colemani. They found that females of A. colemani 
parasitised fewer R. padi than the other three aphid species, and fewer offspring successfully 
completed development in R. padi than in the other three host aphids. Their results showed 
that oviposition behaviour and offspring performance were correlated. Additionally, Braimah 
and van Emden (1994) found that host plants appear to play a role in host acceptance. 
Aphidius rhopalosiphi made more attack attempts on S. avenae and At. persicae when 
combined vAth wheat plants rather than with Brussels sprouts. Wasps showed no such 
preference for aphids reared on artificial diets, suggesting the role of plant-derived 
synomones in those tritrophic interactions. Similarly, Powell and Wright (1992) showed that 
A. rhopalosiphi Increased its attack rate against a non-host aphid, A. pisum, when wheat 
leaves were present, but host plant had no effect on Aphidius picipes Nees and Ephedrus 
plagiator Nees which attack aphids on a variety of plants. The authors suggested that cues 
from specific plants may not be used by the ployphagous parasitoids during host acceptance. 
It seems that preference for a particular host or hosts is the result of both genetic and 
conditioning factors (Cameron et aL 1984; Powell and Wright 1988). 
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Host size and age have important effects on host acceptance. Many, species prefer to 
oviposit in aphids from the 2"'' and Z"^ larval instars, for example D. rapae (Takada 1975) and 
A. rhopalosiphi (Shirota et aL 1983). He and Wang (2006b) found that A. ervi preferred pea 
aphids that were 3-5 days old over younger (1 and 2 days old) and older (6 and 7 days old) 
aphids for oviposition. Also, their results support the size-dependent sex ratio theory that A. 
ervi deposits fertilised eggs in large hosts and unfertilised eggs in small ones. (Charnov et al. 
1981), in his theory of sex ratio, suggested that solitary parasitoid wasps tend to lay male 
eggs in small hosts and female eggs in large hosts. Charnov et al (1981) argued that females 
would benefit more than males from developing in larger hosts and host size is thought to be 
more strongly affect females fitness that male fitness. However, allocating daughters to 
larger, higher-quality hosts , and sons to smaller, poorer-quality hosts in ovipositing females 
could be adjusted according to their experience in a specific foraging patch by comparing the 
sizes of encountered hosts while moving between patches (for review see Ode and Hardy 
(2008). Additionally, in aphid parasitoids, the preference for younger aphids is believed to be 
a result of the increased defensive behaviour of the older aphids, which include shaking the 
body robustly while kicking at the parasitoid with the hind legs (Dixon 1987), escaping from 
the endangered feeding location (Dill et aL 1990) or dropping off the plant to minimize 
exposure (Chau and Mackauer 1997). 
The visual perception of the host aphid elicits attack responses in parasitoids, and the 
aphids' colour appears to be of particular importance. Michaud and Mackauer (1994) 
investigated host evaluation by three Aphidius species. By using light and dark conditions and 
anaesthetised aphids, they showed that colour and movement are important factors in host 
acceptance, although the final decision to either lay an egg or not was dependent on the 
assessment of the host quality during ovipositor probing. Similarly, Battaglia et al. (1995) 
investigated the visual host recognition and acceptance behaviour of naVve A. ervi females 
using a bioassay in which test aphids were placed inside a clear glass capillary to eliminate 
olfactory and contact cues. The results showed strong attack responses (stabbing movements 
with the ovipositor) towards green pea aphids. Yellow paint pigments in sealed glass capillary 
tubes also provoked strong oviposition attack responses from naive A. ervi females, whereas 
the green pigments tested did not (Battaglia et al. 2000). Moreover, A. ervi was able to 
distinguish between various colour morphs of the same host aphid. Libbrecht et al. (2007) 
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found that A. ervi preferentially attacks and oviposits into colonies formed of green morphs 
of A. pisum more than into a neighbouring colony formed of red aphids. The authors 
suggested that this was a strategy used by parasitoids to avoid Intraguild predation, as 
predators prefer to attack red aphid colonies. However, at short range, host recognition and 
acceptance can also be elicited by chemical cues. Indirect evidence of the occurrence of a 
cuticular kairomone in A. pisum which provokes ovipositioh attacks by A. ervi has been 
provided (Pennacchio et aL 1994). It has also been shown that the cornicle secretion-of" A. 
pisum elicits a strong oviposition attack response in A. ervi females, which appears to be 
innate and not induced by associative learning (Battaglia et aL 1993), and this was also 
reported for Lysiphlebus testaceipes (Cresson) attacking Rhopalosiphum padi (Grasswitz and 
Paine 1992). Since few aphids produce cornicle wax under attack, it is possible that the same 
kairomone may also be present in the outer layers of the aphid cuticle and act as a contact 
cues in host acceptance (Battaglia et aL 2000; Larocca et aL 2007). 
1.2.3 Patch-residence time and giving-up time: 
Parasitoids usually attack hosts that are patchlly distributed in the environment (Godfray 
1994). Under such conditions, one way to achieve maximum lifetime reproductive success is 
to optimise their foraging time on patches of hosts. In parasitoids, patch-residence time and 
the decisions to leave a foraging patch and look for another, are affected by many factors, 
including contact with kairomones (Corbet 1971), hosts (Waage 1979; Driessen et aL 1995) 
and other parasitoids (Visser et al. 1992; Bernstein and Driessen 1996; Wajnberg et al. 2004); 
travel time between patches (Wang and Keller 2003; Tentelier et al. 2006); parasitoid 
experience (Papaj and Lewis 1993; Burger et aL 2006); the host state (Outreman et al. 2001) 
and host distribution (Wang and Keller 2005); parasitoid genotype (Wajnberg et aL 1999); and 
the Internal state of the parasitoid (Outreman et aL 2005). 
The classical optimal-foraging theory, like the marginal value theorem (Charnov 
1976), predicts that a forager should leave a habitat patch or host patch when, on average, it 
can.gain more by searching elsewhere. Subsequently, when there are different patch qualities 
in the habitat, a forager is likely to stay longer on rich patches than on poor ones and leave 
after a fixed time (leaving a patch even though hosts have been encountered and attacked), 
after a fixed number of encounters or after a fixed giving up time (leaving a patch in which 
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no hosts have been encountered). Hov/ever, this theorem assumed that foragers are 
omniscient (they have a comprehensive knowledge about the quality of the habitat patches), 
which is unrealistic. More realistic models have been developed to investigate the information 
used by parasitoids to assess their foraging patches, as reviewed by van Alphen et aL (2003). 
While foraging, parasitoids collect some information about the patch quality and use 
proximate behavioural patch-leaving decision rules to adjust their foraging time in an optimal 
way (Godfray 1994; Wajnberg et aL 2000; Wajnberg et aL 2003) and chemical cues could 
have an important role in leaving or staying decisions made by a parasitoid. Among the 
different patch-leaving rules, (Waage 1979) suggested that the amount of kairomones 
received by parasitoids entering a patch, could give them an initial estimation of its quality, 
and should motivate them to stay longer. Honeydew has been identified in this context as one 
of these kairomones (Shaltiel and Ayal 1998) as well as the host mandibular gland secretion 
(Waage 1978). Moreover, Tentelier et aL (2005) showed that the general aphid parasitoid, 
Lysiphlebus testaceipes, uses a combination of herbivore-induced volatiles and direct 
encounters with hosts to adapt its patch use behaviour. 
1.3 Variation in behavioural responses: 
in general, foraging behaviour in insects is known to be variable within and among populations 
and responses to infochemicals could vary intraspecifically. The source of individual variation 
in behavioural responses is due to phenotypic plasticity, genetics, an individual's physiological 
state and the environment (Lev/is et al. 1990; Vet and Dicke 1992); the latter factor will not 
be discussed here. Phenotypic plasticity refers to the fact that a single genotype may produce 
different phenotypes in different environments (Pigliucci 2001) and it is affected by pre-adult 
experience (developmental conditioning) and post-adult experience (emergence conditioning 
and learning). The focus in this review will be on learning, emergence conditioning, 
physiological state of the parasitoid and genetics. The latter factor will be discussed in detail 
in Section 1.4. 
1.3.1 Learning: 
Learning is the adaptation of responses to chemical and visual cues when the environment is 
unpredictable between generations but predictable during the organism's lifetime (Godfray 
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1994) or, generally, when the natural enemy faces an environment that has regular 
changeable conditions (Papaj and Prokopy 1989). The learning process in parasitoids is similar 
to that in bees and phytophagous Insects with two crucial differences. Firstly, Learning in 
.parasitoids occurs within a tritrophic system rather than a bitrophic one, and secondly, bees 
learn to forage for resources that have evolved to expose themselves (flowers), while 
parasitoids forage for herbivores that have evolved to be inconspicuous (Vet and Dicke 1992). 
The learning process can be marked by three criteria (Papaj and Prokopy 1989). it is reported 
for parasitoids that (1) behaviour can change repeatedly through experience (Vet and 
Groenewold 1990), (2) learned responses can be forgotten (Vet 1988; Papaj and Vet 1990) and 
(3) learning is usually gained rapidly (in seconds after a single oviposition experience)(Turlings 
et aL 1989; Turlings et aL 1990a). 
A solution for the reliability-detectability problem (see Section 1.2.1) is to associate 
easy-to-detect cues with less detectable but reliable cues (Vet et aL 1991; Vet and Dicke 
1992). Based on several observations of foraging parasitoid's responses to stimuli related to 
the host-finding process. Vet et aL (1990a) Introduced a conceptual model of variability in 
responses, suggesting an Intrinsic relationship between the variability of responses and the 
strength of the response potential. Strong responses to certain cues are genetically fixed and 
less variable than weak ones. Experience v^ll affect both the strength and the variability of 
responses and weak responses v^ll be more affected by learning than strong responses. The 
strength of the response that a parasitoid has to a specific habitat where it finds its host will 
vary between parasitoid species, and therefore the effect of learning and experience in 
parasitoid foraging behaviour will vary also. Cues that did not originally provoke a response 
from the parasitoid (e.g. volatiles from undamaged plants) can be made to serve as foraging 
cues (conditioned stimuli) if associated during an experience with cues that elicit a strong 
response (unconditioned stimuli) {Levns and Tumlinson 1988; Turlings et aL 1993). The latter 
could be aphid volatiles, the act of oviposition, host-induced plant volatiles or host products 
such as honeydew. Therefore, through learning processes during their lifetime, parasitoids 
can develop responses to a set of stimuli which enhance their foraging success and overcome 
the reliability-detectability problem (Vet et aL 1991). Significantly, Increased responses to 
both the plant-host complex (PHC) and to uninfested broad bean plants were recorded for A. 
ervi after oviposition experience on the plant (Du et aL 1997; Guerrieri et aL 1997). 
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Furthermore, oviposition was not a fundamental part of the learning process on the PHC 
because experience on a host-damaged plant (a 2-week-old V. faba plant which had been 
infested with 100 A. pisum for a minimum of 24 hours but from which all aphids had been 
removed immediately before the plant was used in the experiment) also evoked a learning 
response. The parasitoid Diaeretella rapae also showed increased responsiveness to PHC's 
after having a successful foraging experience (Blande et aL 2007). The contact with host-
associated cues (honeydew.) while searching on the plants serves as a reward (an 
unconditioned stimulus) and was enough to enhance associative learning and subsequent 
increase in the response to both damaged and undamaged plants (Du et aL 1997; Poppy et aL 
1997b). it is important to point out here that generalist parasitoids tend to respond to less 
specific cues and therefore learning is likely to play a more prominent role in their foraging 
than in that of more specialists (e.g. A. ervi). An example of this is that the more generalist 
parasitoid Cotesia glomerata is more able to change its usage of habitat cues after 
experience than the specialist Cotesia rubecula Marshall (Geervliet et aL 1993; Geervliet et 
aL 1994; Peri'ecto and Vet 2003). 
1.3.2 Emergence conditioning: 
The term 'conditioning' has been used in different ways in insect studies. Firstly, as a result 
of larval experiences, which means that the larva can learn from its environment and this 
memory may be transferred from pre-imaginal stages to the adult - the so-called Hopkins' 
host selection principle (Barron 2001). Secondly, in relation to the "chemical legacy 
hypothesis" (Corbet 1985) which implies that, at eclosion, chemical cues from the larval 
environment are carried forward to the adult stage and this may involve learning chemical 
cues during contact with olfactory information at emergence (emergence conditioning) 
(Powell and Poppy 2001). Wickremasinghe and van Emden (1992) were the first to 
demonstrate this latter type of "conditioning" by investigating the variable response of the 
cereal aphid parasitoid Aphidius rhopalosiphi to different wheat cultivars. The parasitoids 
showed a preference for the wheat cultivar on which their host aphid had been reared. 
However, they did not show.a specific preference between two wheat cultivars when they 
had been reared on aphids feeding on a third, different cultivar. Because all tested 
parasitoids had originated from an aphid culture kept on that third cultivar until the 
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generation used in the experiment, the parasitoids' preference could be due to 
"conditioning", van Emden et aL (1996) excised the pupae of the parasitoid A. rhopalosiphi 
from their mummy cases and tested the response of the emerged adults to odours from 
different wheat cultivars. They found no preference by the excised parasitoids but parasitoids 
that emerged normally preferred the cultivar they had been reared on. Similarly, Aphidius 
colemani preferred the odours of the PHC associated with the mummy they experienced upon 
emergence, while parasitoids emerging from pupae excised from their own mummy but given 
a mummy from a different plant preferred the odour of the latter plant (Storeck et al. 2000). 
The conditioning of emerging adults by chemicals on the surface of the cocoon was also 
shown for A. ervi reared on Sitobion avenae on wheat or Acyrthosiphon pisum on alfalfa 
(Rodriguez et al. 2002). All these studies showed that parasitoids can pick up information 
from the. cocoon or mummy case upon emergence that can be utilized for foraging during 
adult life. Moreover, this type of conditioning that is carried over from one stage to another, 
appears to provide information across generations non-genetically, which can have important 
evolutionary implications (Godfray 1994). 
1.3.3 Physiological state of parasitoids as a source of variation in 
behavioural responses: 
The internal state of a parasitoid can affect its foraging performance and, in turn, can affect 
its utilization of infochemicals during host foraging (Rosenheim and Rosen 1991). A 
parasitoid's size, age, egg load, mating status and energy state are all important factors in 
foraging behaviour but the focus here will be on parasitoids' egg load, energy state and 
mating status. 
Parasitoid's egg load and foraging behaviour: 
As mentioned above (see Section 1.2.3), the physiological state of a parasitoid can affect its 
patch-leaving decisions and the egg load could be the most important determinant at this 
stage (Rosenheim and Rosen 1991; Weisser et aL 1994). According to egg load, parasitoids can 
be divided into two groups: synovigenic parasitoids (the female emerges from the mummy 
with some mature eggs but it can replenish its egg supply during adult life) and pro-ovigenic 
parasitoids (females which have all their mature eggs upon emergence) but the latter is rare 
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among parasitoid wasps (Jervis et aL 2001). In general, the life span of adult parasitoids is 
short and they have to maintain a balance between reproduction and survival during their 
lifetime in order to avoid egg limitation (the situation that arises when the female parasitoid 
depletes her egg complement while further oviposition opportunities are possibly still 
encountered) and time limitation (the situation that occurs when the female parasitoid still 
has egg reserves but fails to deposit them because of a lack of further host-encounters) (Shea 
et aL 1996; Heimpel et aL 1998). In a fully predictable environment, the optimal allocation 
of sources to eggs and survival would leave the parasitoid with neither unused eggs nor 
residual life span. However, the stochasticity of the environment, the patchy distribution of 
hosts and the variation in host density lead to a stochasticity in reproductive opportunities 
which prevents the exact match between egg load and host availability (Rosenheim 1996). 
For some parasitoid species, egg load has been identified as an important source of 
variability in foraging behaviour where females with higher egg loads tend to search more 
intensively for hosts than conspecifics with lower egg loads (Minkenberg et aL 1992; Hughes 
et aL 1994). However, Rosenheim and Rosen (1991) showed that Aphytis linsnanensis 
(Compere) with smaller egg loads required more time v/ithin a foraging arena to discover 
hosts and deposited smaller egg clutches. Host deprivation in synovigenic parasitoids could 
result in the accumulation of mature eggs (higher egg load) and might be expected to 
improve the host-searching efficiency by increasing the motivation to find hosts and lay eggs 
(Minkenberg et aL 1992). However, prolonging the period of host deprivation could induce 
the parasitoids to resorb the mature eggs in their ovaries, and they may be temporarily 
unable to oviposit, even when hosts are available (Jervis et aL 2001). Hougardy and Mills 
(2007) investigated the influence of host deprivation on host finding by the parasitic wasp 
Mastrus ridibundus (Gravenhorst). They found that increased host deprivation did not 
influence patch and host-finding success as females responded to host stimuli even after 9 
days of host deprivation. On the other hand, Ueno and Ueno (2005) showed no effect of the 
number of mature eggs carried by females of Itoplectis naranyae (Ashmead) on the time 
required to find a host despite prior host experience. 
It seems that because egg load is a very dynamic factor in parasitoids it is very hard 
to separate its effect from that of parasitoids' experience (Rosenheim and Rosen 1991), and 
its effect on behavioural responses to chemical cues has been little studied. 
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The effect of parasitoids' energy state on their foraging behaviour: 
Parasitoids are divided into two groups on the basis of their feeding habits. Some adult 
parasitoids feed on hemolymph or honeydew of their host (Jervis and Kidd 1986; Kidd and 
Jervis 1989), but many parasitoids are exclusively dependent on nonhpst food, such as, nectar 
(either floral or extrafloral) and pollen (Powell 1986; Jervis et aL 1993). In general, 
parasitoids forage for both food and hosts as they need energy to reproduce and survive. 
However, the nonhost-feeding adult parasitoids are often confronted v/ith the situation in 
which hosts and food are located in different places, and they need to balance energy 
expenditure between food foraging and host foraging (Lewis et aL 1998). Consequently, the 
energy state of the parasitoids can affect their foraging behaviour, and in turn, can affect 
their responses to chemical cues (Lewis et aL 1990). Hagen and Bishop (1979) showed that 
hungry female parasitoids shifted their foraging priority towards food cues more than to host-
related cues. Similarly, Wackers (1994) investigated the effect of food deprivation on the 
innate visual and olfactory preferences of the parasitoid Cotesia rubecuia. When given a 
choice between flower odours and odours from host-infested leaves in a Y-tube olfactometer, 
starved females preferred flower odours, while satiated females chose host infested leaves. 
Moreover, using a flight chamber in the same study, while hungry females landed more often 
and spent more time searching on yellow targets, sugar-fed females displayed a higher overall 
foraging activity without a specific reaction to yellow. Lewis and Takasu (1990) demonstrated 
that host- and food-associated learning are separate units depending on the hungry state of 
the parasitoid rather than on their different abilities to learn. Using two arbitrary artificial 
odours, females of the parasitoid MicropUtis croceipes (Cresson) were trained to associate 
chocolate odour with food and vanilla odour with hosts. Hungry females showed preference 
for chocolate while satiated ones preferred vanilla. Siekmann et aL (2004) showed that well-
fed females of C. rubecula exhibited a preference for hosts in a wind tunnel, while unfed 
wasps visited hosts and flowers equally. 
Mating status of parasitoids and its affect on behavioural responses: 
Mating status is a potentially important state variable that has been largely ignored in the 
theories related to parasitoids' foraging behaviour. With few exceptions, parasitoids v^thin 
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Hymenoptera in general, have haplodiploid sex determination meaning that virgin females lay 
unfertilised eggs that only develop into males, and mated females produce mixed clutches 
that are often female-biased, as predicted by the theory of local mate competition (Hamilton 
1967; Waage 1982). Michaud and Mackauer (1995) shov/ed that mated females of Monoctonus 
paulensis (Ashmead) stayed longer in Petri dishes containing pea aphids, A. pisum, and 
attacked more hosts than did their virgin conspecifics. Similarly, virgin females of three 
different aphid parasitoids, Aphidius smithi (Sharma and Subba Rao), M. paulensis and Praon 
pequodorum (Viepeck), left broad bean shoots infested with A. pisum earlier than did their 
mated counterparts (Michaud 1994). 
Although more recent studies investigated the effect of mating status on egg-laying 
and superparasitism behaviour in parasitoids (Sousa and Spence 2000; Darrouzet et aL 2007), 
this factor is less studied than egg load and energy state in terms of its effect on the response 
to foraging cues. 
1A Genetic variation in natural enemies: 
The study of genetic variation in biological attributes within the biocontrol agent 
communities has attracted a great deal of attention with a view to improving the potential of 
biological control strategies (Roush 1990b; Hoy 1992; Hopper et aL 1993). This topic can be 
categorised into three main areas: interspecific variability, Intraspecific variability and 
Intraspecific, Intrapopulation genetic variability (Wajnberg, 2004). A great effort has been 
devoted to quantify the interspecific variation of some attributes, and the results are 
substantially used to select the right species for combating a specific pest in a given 
environment (Messenger and van den Bosch 1971). With regard to intraspecific variation, most 
research has concentrated on comparing different populations of the same species originating 
from different geographical areas (Simmonds 1963; Messenger and van den Bosch 1971; Diehl 
and Bush 1984; Caltagirone 1985; Campan et aL 2002). In this case, the identification of 
strains most adapted to the environment where they will be released is usually the central 
aim in Intraspecific variation studies (Messenger and van den Bosch 1971). However, some 
work has highlighted quantification of the Intraspecific, Intrapopulation genetic variation in 
biological traits (Lewis et aL 1990; Hopper et aL 1993). 
27 
Chapter 1 Literature review 
1.4.1 Intrapopulation genetic variation in parasitic insects: 
Insect parasitoids are considered the most important biological control agents among all the 
potential natural enemies as they can be found in nearly all different ecological systems with 
an estimated number of more than 2 million species on Earth {Godfray 1994). Most parasitic 
insects reproduce through arrhenotoky where mated female can produce either a haploid 
male developed from unfertilized eggs, or a diploid female developed from fertilized eggs. 
Thus, fathers contribute all of their, genes to female progeny, but do not pass any of their 
genes to their sons, whereas mothers give half of their genes to any offspring. This 
exceptional reproduction system in parasitic insects often prevents the usage of usual 
procedures for estimating quantitative genetic variation (Carton et aL 1989; Sequeira and 
Mackauer 1992). 
As pointed out by Wajnberg (2004), there is a clear gap in the literature concerning 
intrapopulation genetic variation in quantitative biological traits Involved in host location and 
host recognition by foraging parasitoid females. This lack of studies could be due to the 
tendency to study easy-to-measure traits in the laboratory, ignoring some high-priority traits 
because they are hard to measure (e.g. the difficulty of performing a reasonable number of 
replicates to detect significant genetic variation). 
1.4.2 Measuring intrapopulation genetic variation in natural enemies: 
The level of genetic variability within mass-produced and released natural enemies is poorly 
described. However, an accurate estimation of such variation is of great Importance for 
several reasons. Firstly, as pointed out by Remington (1968), any new population Introduced 
into a new environment will have to face a community composed of organisms which were not 
present in its original location. Therefore, it will interact with environmental constraints for 
which the Individuals' genotypes will not have been previously selected. Hence, in order to 
maximize its ability to establish in new environments, it is generally acknowledged that the 
released population of natural enemies should have the maximum possible genetic variation 
(Simmonds 1963; Force 1967; Mackauer 1972; Lewis et aL 1990; Wajnberg 1993). In order to 
estimate this, such genetic variability has to be quantified accurately (Wajnberg 2004). 
28 

Chapter 1 Literature review 
Secondly, depending on nneasuring such a variation, a better estimation of the ability 
of a specific biological attribute, to evolve in response to the environmental circumstances of 
the system used to rear and produce it, is more achievable. Most of the colonies are 
maintained in laboratory conditions where the environment is more constant than the chaotic 
conditions faced in the field, and so selection could occur for laboratory-adapted genotypes. 
The higher the genetic variation is, the more rapid is the response to selection. However, 
such rapid selection may reduce both the genetic variance in the biological traits involved 
(Bulmer 1976) and the efficacy of the released pest-control agent caused by maladaptation to 
field conditions (Bartilett 1985; Roush 1990a; Hopper et aL 1993). 
Thirdly, laboratory populations of insects may suffer from genetic drift, the situation 
when specific individuals, and thus genotypes, contribute more than others to the next 
generation leading to the loss of some alleles in each generation, and to a fundamental 
reduction in genetic variation within the reared population (Roush 1990a). This factor can be 
reduced as much as possible by an accurate estimation of the genetic variation within these 
reared populations, in other words, measuring genetic variation in the Important traits of the 
natural enemies allow us to identify the optimal rearing conditions to produce them before 
field introductions (Boiler 1979) 
Finally, and maybe the most important reason, is that detecting the existence of any 
significant genetic variation can facilitate the establishment of breeding selection 
programmes to Improve the effectiveness of the released biological control agents (Hoy 1976; 
Wajnberg 1991). Although the effectiveness of breeding selection was discussed by some 
authors (for post reviews see Mackauer 1972; 1976), many arguments were against it (for 
details see Simmonds 1963; Hoy 1976; Mackauer 1976). 
1.4.3 Methods ofmeasuhng intrapopulation genetic variation: 
it is known that the Interaction between the genotype of each organism and the environment 
in which it lives results in what is called the phenotypic variability. While the genetic source 
of variability is passed from Individuals to their progeny, those of the environmental source of 
variation are not (Collins 1984). Therefore, the aim of the methods that are used to measure 
the genetic variation is both to distinguish between these two sources of variation, and to 
investigate whether the genetic source of variation is of statistically significant Importance in 
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contributing to the phenotypic variation observed (Falconer 1989). The variation among all 
individuals in a specific population can be quantified with what is called variance V, Vp is 
referred to variance of phenotypes, which can be divided into VE, variance due to 
environmental effects, and Vc, variance of the genotypes, and the basic statistical model 
used in this case is: 
Vp=V,^Vc (1) 
In turn, VG is sub divided into VA, VD and V/ and the equation 1 becomes as follows: 
VP=VE*VA*VO*V, (2) 
Where: 
VA: Variance due additive genetic effects. 
VD- Variance due to dominant effects. 
V/: Variance due to the interaction between the loci involved in determining the trait under 
consideration (epistasis). 
Among the three types of genetic variance, additive genetic variance VA is the most 
important because it presents the potential of a character to respond to selection (artificial 
or natural) (Falconer 1989). Accurate methods are available to estimate the genetic variation 
in ecological (i.e. behavioural) traits in insect populations and assess the genetic structure of 
natural and mass-reared populations even for species with no well-known genome details (all 
details about these methods v/ill be mentioned below). However, those same methods can 
also be used at molecular, cytological, physiological and morphological levels (Parsons 1980). 
All the methods that will be mentioned below allow us to measure the heritability of the trait 
under study, in either its narrow sense (the ratio of additive genetic variance to the total 
phenotypic variance) or broad sense (the ratio of the total genetic variance, additive, 
dominance and epistatic to the total phenotypic variance). 
Parent-offspring regression: 
This method is based on the principle that if part of the variation in a quantitative character 
is genetically determined, then the progeny should resemble their parents and depending on 
that principle. Sir F. Galton, more than a century ago, suggested the study of trait 
transmissibility over two successive generations. However, in most cases, only parasitic 
females are useful as biological control agents, and thus, the parent-offspring regression 
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analysis becomes a mother-daughter regression analysis. In this case, the trait is quantified in 
a set of mothers, and also in their progenies. Then, the slope of the regression line of the 
offspring's values on that of their mothers is computed and statistically tested for significant 
differences (Falconer 1989). 
Family analysis: 
This is also known as the isofemale strains or isofemale lines method' (Parsons 1980; Hoffmann 
and Parsons 1988). This method is based on establishing an array of families (or lines, or 
strains), each of which is from a single mated female (the mating here is a random process 
with no clearly identified males), and the studied trait is quantified in several offspring 
produced by each female in the FI generation. For the statistical analysis, a one-way ANOVA 
is used to test any significant difference among average values of the different families 
compared. Although this method is considered the simplest among the other methods and it is 
appropriate to the analysis of quantitative evolutionary genetics in a diversity of species 
(David et aL 2004), it has also many disadvantages. Because this method cannot distinguish 
between additive, dominance and epistatic components of variation in the studied trait, it 
gives a crude estimation of the genetic variation and it does not provide information about 
the ability of the population to respond to either artificial or natural selection (Wajnberg 
2004). 
Breeding selection: 
This method can be applied at two levels. Firstly, in mass selection, the individuals used to 
found the next generation are chosen according to their own phenotypes (e.g. females 
showing high attack rate). Secondly, in family selection, the individuals are chosen according 
to the average value of the family from which they come (Collins 1984; Falconer 1989; 
Wajnberg 1991). The weak point of this.method is that it does not accurately represent a way 
to quantify the genetic variability in a population but it proves that the observed phenotypic 
variation is at least partly under genetic control (Roush 1990b). 
In some studies, some of these different methods were combined in one experimental 
design. Rehman (1999) established Isofemale lines of the aphid parasitoid Praon volucre 
(Haliday) starting from females which varied in their attack rates against the English grain 
31 

Chapter 1 Literature review 
aphid Sitobion avenae, on which they were reared. Then, these strains were reared on 
several aphid hosts through two generations. The different regressions (mother-daughter, 
daughter-granddaughter and mother-granddaughter) were tested for the attack rate on 
Sitobion avenae, Aq/rthosiphon pisum, Myzus persicae and Aulocorthum solani (Kaltebach). 
Eleven of the 12 tests were significant indicating that the attack rate was influenced by 
genetic factors (Powell and Rehman 1996; Poppy and Powell 2004). 
1.4.5 The important biological traits to be studied: 
There has been always, and still is, a debate about what is the most important biological 
attributes of a biological control agent to be quantified in terms of their genetic variation, 
and the lists of these characters varies in the literature (Hoy 1976; Mackauer 1976; Roush 
1979; Waage and Hassell 1982; Hoy 1990; Hopper et aL 1993). These traits include: climatic 
adaptation, habitat preference, synchrony with hosts, host-searching capacity, host/prey 
acceptance, host/prey suitability, fecundity, dispersal ability and sex ratio. To decide the 
most important traits that should be exhibited by an efficient biological control agent is a 
difficult task (Roush 1990b). However, in general it depends on the nature of the targeted 
pest, the ecological features of the protected crop and the method by which a biological 
control agent v/ill be released into the field (Hoy 1976; Roush 1979). It could be argued that 
identifying the main biological attributes of natural enemies is the most efficient way to 
improve their performance in biological control programmes but it is also the most 
challenging task as it is a time-consuming, labour-intensive and costly process, although it has 
proved successful in some cases. Bigler et aL (1988), following long experiments in both the 
laboratory and the field, found a significant positive relationship between the travel speed of 
the females of different Trichosramma maidis (= T. brassicae) strains, estimated in the 
laboratory, and their potential for parasitism in the field against egg batches of the European 
corn borer, Ostrinia nubilalis (Hubner). This could indicate that walking velocity is an 
important trait in parasitoid females and it would be an interesting trait to be genetically 
quantified in this wasp species (Pompanon et aL 1994; Pompanon et aL 1999). 
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1.5 Aphid sex pheromones: 
1.5.1 Discovery, identification and biology of aphid sex pheromones: 
Early in the twentieth century, many studies suggested that the sexual females of aphids 
(oviparae) might produce a sex attractant, i.e. a sex pheromone. in the early 1970s, 
Pettersson conducted a behavioural bioassay showing the definitive existence of an aphid sex 
pheromone that induces behavioural responses in the walking males of Schizaphis species 
(Pettersson 1970, 1971) and, soon after, the presence of a sex pheromone in the vetch aphid 
Megoura viciae Buckton was confirmed (Marsh 1972,1975). 
Wingless females (oviparae) release sex pheromones from glandular epidermal cells 
situated under scent plaques on the tibiae of the hind legs (Eisenbach and Mittler 1980; 
Pickett et aL 1992). These legs are often raised and waved in the air during the typical 
calling behaviour of the sexual female aphid (Pettersson 1971; Steffan 1990). 
Aphids detect volatile compounds using receptors in the primary and secondary 
rhinaria on their antennae (Bromley et aL 1979; Bromley and Andersson 1982; Wohlers and 
Tjallingii 1983; van Giessen et aL 1994). Electroantennograms (EAG) are used to detect the 
response of the receptor neurons in olfactory sensilla to odour stimulations (Schneider 1957), 
and this technique has been used to investigate the response of different aphid species to 
both plant volatiles and aphid pheromones (van Giessen et aL 1994; Hardie et aL 1994b, 
1995; Visser and Yan 1995; Visser et aL 1996; Visser and Piron 1997; Park and Hardie 1998; 
Park et aL 2000). These electrophysiological studies have shown that different aphid species, 
sex, morph and age are differently sensitive to sex pheromones and plant odour components 
(Park et aL 2000; Park and Hardie 2002, 2003; Pope et aL 2004). Aphids have distinctive 
placoid sensilla, distal primary rhinaria, proximal rhinaria and secondary rhinaria, at three 
different locations on the antennae. Park and Hardie (2002) recorded the EAG responses 
taken from different positions on the antennae and showed that the aphid sex pheromone 
components, nepetalactol and nepetalactone, are mainly detected by secondary rhinaria in 
gynoparae and males, while in summer, vnth the migrant forms (alate virginoparae) it is 
unclear which, if there are any, volatiles are detected. The important difference between 
winged (alate) and wingless (apterous) aphids is that, in the former, the abundance of the 
secondary rhinaria on the antennae is high, while in the latter, it is low. This suggests the 
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involvement of the alate morphs in host location and mating processes (Pickett et aL 1992). 
Generally, males have the largest number of the secondary rhinaria, which are responsible for 
sex pheromone detection (Eisenbach and Mittler 1980). Each secondary rhinarium has two 
types of olfactory receptor neurons, one responding to nepetalactpne and the other to 
nepetalactol (Dawson et aL 1990). On the other hand, the primary rhinaria are responsible 
for the detection of a wide range of plant volatiles as well as aphid sex pheromones (Park and 
Hardie 2002). Early laboratory experiments showed that aphid males were able to detect and 
respond to sex pheromones over only relatively short distances (Petterssoh 1970; Marsh 1975). 
However, field trials have demonstrated that male aphids can detect and orient to sex 
pheromones over greater distances (Boo et aL 2000). 
The first chemical identification of an aphid pheromone was for the vetch aphid M. 
viciae (Dawson et aL 1987); the complete stereochemistry was established by Dawson (1989). 
The active compounds were pinpointed by coupled gas chromatography of excised leg 
extracts and a single cell recording (SCR) on the secondary rhinaria of male aphids. Then, a 
coupled gas chromatography (GC)-electrophysiological system was used to identify the 
chemical structures of aphid sex pheromones (Figure 1.6). 
34 
Chapter 1 Literature review 
Figure 1.6 The coupled GC-electrophysiology system used for identifying aphid sex pheromone 
components (Birkett and Pickett 2003). 
The sex pheromones of many aphid species are now known (Table 1.2), and have been shown 
to consist of one of the two monoterpenoid isomers: (+)-(4aS,7S,7a/?)-nepetalactone (1) and 
(1/?,4aS,7S,7a/?)-nepetalactol (2) or a specific ratio of the two (Table 1.2). However, the 
pheromone of damson-hop aphid, Phorodon humuli (Schrank), has a mixture of the two 
diastereoisomers (IS)- and (1R,4a/?,7S,7aS)-nepetalactols 3 and 4 (Campbell ef aL 1990) 
(Figure 1.7 a Table 1.2). 
Aphid sex pheromones are potentially useful in integrated pest management 
programmes (IPM), and for that, a commercial production is needed. The chemical production 
of synthetic aphid sex pheromones using a synthetic route is an expensive process (a cost 
exceeding 1000£/g of pheromone for raw materials alone). However, the nepetalactone 1 is 
produced by the catmint plant, Nepeta cataria (Lamiaceae: Labiatae), and can be obtained in 
high yield from fresh plant materials following extraction (Birkett and Pickett 2003). 
35 

Chapter 1 Literature review 
3 4 
Figure 1.7 The chemical structures of aphid sex pheromone components, {see text for explanation of 1, 
2, 3 and 4). 
Sex pheromone blend Aphid spedes Reference 
High 1: Low 2 Aphis fabae (Dawson et aL 1990) 
(Isaacs 1994) 
Mesoura viciae (Dawson et aL 1987) 
(Hardie et aL 1990) 
Tuberocephaius momonis (Boo et aL 2000) ' 
Aphis spiraecola (Hong et aL 2003) 
Macrosiphum euphorbiae (Goldansaz et aL 2004) 
Low 1: High 2 Schizaphis graminum (Dawson etaL 1988) 
Cryptomyzus spp. (Guldemond etaL 1993) 
1 and 2 equal Acyrthosiphon pisum (Dawson etaL 1990) 
Myzus persicae (Dawson etaL 1990) 
1 only Sitobion avenae (Lilley e ta / . 1994/95) 
Sitobion fragariae 
(Hardie etaL mi) 
Brevicoryne brassicae (Gabryset aL 1997) 
3 and 4 Phorodon humuli (Campbell etaL 1990) 
Table 1.2 Composition of aphid pheromones identified. 
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1.5.2 Aphid sex pheromones as kairomones in parasitoid host location: 
In general, phytophagous insects evolve to be as inconspicuous as possible to their enemies. 
Hov/everj they still need to communicate with their conspecifics over both long and short 
distances, and many do so using pheromones. There is strong evidence that several species of 
aphidiines have developed the ability to use aphid sex pheromones as kairomones during host 
location. 
The response of parasitoids to aphid sex pheromones was first noted during field 
experiments designed to observe the response of field-flying male aphids to synthetic sex 
pherompne (Hardie et aL 1991). Clear plastic, water-filled traps were placed in semi-natural 
woodland during autumn and were baited with lures releasing nepetalactone. Besides 
capturing male aphids, large numbers of parasitoids belong to the genus Praon were also 
recovered from the traps, mainly P. dorsale (Haliday) and P. abjectum (Haliday). All 
recovered parasitoids were females, and 98.5% of them were found in pheromone baited-
traps as opposed to unbaited controls. Since clear traps and synthetic .pheromone were used, 
all other visual and olfactory cues were excluded, thus indicating a role for aphid sex 
pheromone in parasitoid host finding. 
In autumn, parasitoids of the genus Praon are thought to be associated with habitats 
containing the woody host plants of holocyclic, host-alternating aphids (Voriey 1986), and the 
initial results of the trapping experiments were in synchrony with this. The experiments were 
repeated during the following autumn, but this time, in winter cereal fields, and again the 
attraction to nepetalactone was demonstrated (Powell et aL 1993; Hardie et aL 1994a). The 
results showed that 89% of captured wasps were P. volucre, and over 99% of them occurred in 
baited traps. The trials were replicated at different sites in south western, central and 
northern England, and in northern Germany, and the response to sex pheromones was clear at 
all sites that had parasitoid populations. After that, the response was demonstrated in other 
aphid parasitoids, such as the cereal aphid parasitoid Aphidius rhopalosiphi (Glinwood et al. 
1998), the brassica aphid parasitoid Diaeretella rapae (Gabrys et aL 1997), the generalist 
Aphidius matricariae (Haliday) (Isaacs 1994)i in A. ervi and A. eadyi Stary, Gonzalez & Hall 
(Glinwood et al. 1999a). The response of other parasitoids to host sex pheromones and to 
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other pheromones (aggregation, epideictic and alarm pheromones) has been reiviewed by 
Powell (1999). 
1.5.3 Variation of parasitoids' response to aphid sex pheromones: 
Since the demonstration of parasitoids' response to aphid sex pheromones, a series of both 
field and laboratory studies have been conducted to achieve a more comprehensive 
understanding of its nature, some of which showed a variation in this response, in arable field 
margins, Glinwood et aL (1998) investigated the parasitization of aphids on potted trap plants 
placed alongside vials releasing nepetalactone and the effective range at which these trap 
plants started to attract the generalist aphid parasitoids, P. volucre, and the specialist aphid 
parasitoid, A. rhopalosiphi. They showed a significant increase in parasitization levels by 
aphid parasitoids on the plants for both species. However, the two species differed in the 
range at which this increase started. In P. volucre, the increase in parasitization was 
observed on plants adjacent to the pheromone vials and plants placed 20 cm from the vials 
but not when they were 1 m away, whereas in A. rhopalosiphi, the increase was observed for 
all three distances. Results also suggested that the two species used different foraging 
strategies in response to the pheromone; the cereal aphid specialist A. rhopalosiphi starting 
to forage in the general vicinity of the pheromone source but the generalist P. volucre 
tending to land very close to the source. Moreover, in wind tunnel studies, different species 
varied in their responses to different pheromone components or blends. For example, A. 
rhopalosiphi responded most strongly to (+)-(4aS,7S,7a/?)-nepetalactone, which is the only 
compound detected in the sex pheromone of its host aphid S. avenae (see Table 1.2), 
whereas A. ervi and A. eadyi responded very strongly to a 1:1 mixture of (+)-(4aS,7S,7aR)-
nepetalactone and (-)-(1/?,4aS,7S,7a/?)-nepetalactol, which corresponds to the pheromone of 
their main host aphid, Acyrthosiphon pisum (Glinwood 1998). 
Because the initial trapping experiments were repeated in spring rather than in 
autumn and the number of retrieved parasitoids was not as large as it was in autumn, the 
initial explanation for this response was that it is induced by environmental stimuli (i.e. the 
change of temperature and light in autumn) or developed in response to parasitoids' learning 
to associate between suitable hosts and the presence of sex pheromones. However, 
subsequent olfactory bioassays have demonstrated the response of different parasitoids to 
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aphid sex pheromones under controlled conditions different to those existing in the field in 
autumn (Isaacs 1994; Lilley et aL 1994b). Therefore, the environment induction theory was 
excluded. When it comes to learning, since the tested insects were naive (had no contact 
with sexual aphids or sex pheromones either during development or as adults), the response 
does not appear to be learnt via association. NaVve females of >4. ervi responded positively to 
aphid sex pheromones in olfactory bioassays, providing further evidence that this response is 
more innate than it is learnt (Poppy et aL 1997b). Moreover, Glinv/ood et al. (1999a) found 
that exposing A. ervi females to aphid sex pheromones v/ithout an oviposition reward before 
testing in an olfactometer, caused a suppression of this response which tasted for at least 2 
hours between treatment and testing, suggesting habituation to the sex pherpmone. 
Additionally, this response was retained when parasitoids were exposed to sex pheromones 
sequentially after oviposition experience before testing in an olfactometer. In the same 
study, the presence of aphid sex pheromones also increased the attraction of A. ervi to the 
plant-host complex (broad bean plants infested with A. pisum) in v^nd tunnel bioassays, 
suggesting an additive effect when two foraging cues are present, rather than synergetic or 
disruptive effects. 
1.6 Conservation biotogicat control and aphid sex pheromones: 
Biological control has been defined as "the study and utilization of parasitoids, predators and 
pathogens for the regulation of host population densities" (DeBach 1964). It can be divided 
into three main types. Firstly, classical biological control where alien natural enemies are 
introduced to a new country or region. Secondly, augmentation where a native natural enemy 
is mass-reared and released either to initiate a population that maintains itself over several 
generations (inoculative release) or in repeated, single generation releases (inundative 
release). Thirdly, conservation biological control aimed at boosting the abundance and impact 
of natural populations through either the maintenance of non-crop habitats, which serve as a 
shelter for natural enemies (habitat management), or by using the influence of 
semiochemicals to manipulate the parasitoids' behaviour (behavioural manipulation). 
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1.6.1 Habitat management: 
In general, annual crop habitats and the cultural practices associated with them are 
counterproductive to biological control as they do not provide continuous and adequate 
resources for natural enemies (Rabb et aL 1976). Furthermore, the resource concentration 
hypothesis (Root 1973) predicts that monophagous and oligophagous herbivores are more 
likely to build up their populations in these cropping systems,, where their host plants are 
concentrated. On the other hand, non-crop habitats- (e.g. field margins) are often a 
favourable environment for natural enemies as they provide them v/ith food, alternative host 
species and overv/intering sites (Powell 1986), due to the higher biodiversity in these habitats 
compared to annual crop habitats. The effect of landscape composition, biodiversity and 
natural pest control on sustainable pest regulation in agricultural landscapes has been 
reviewed by Bianchi et aL (2006). 
The enemies hypothesis (Root 1973; Russell 1989) predicts that the higher the habitat 
diversity is, the greater are the natural enemies' populations, and consequently, the lower 
are the herbivore populations. Russell (1989) reviewed 13 different studies testing the 
enemies hypothesis and found that, in 9 studies, pest mortality rates due to predation or 
parasitisation were higher, in 2 they were lower and in 2 there was no difference. Although 
Risch et aL (1983) argued that the reduction of pest numbers in diverse ecosystems is due to 
herbivore movement patterns and resource finding than to enemy activity, Sheehan (1986) 
argued that enemy activity is an important factor, and that enemy foraging behaviour and 
population dynamics should be viewed in terms of concentration of hosts and host-containing 
vegetation. It seems that resource concentration and enemies hypotheses complement each 
other (Russell 1989) and possibly because of that there is an increase in the studies that link 
chemical ecology and biological control, and chemical ecology and population dynamics 
(Pickett et aL 1997; Mondor and Roitberg 2000; Roitberg 2004). 
1.6.2 Behavioural manipulation using aphid sex pheromones and 
biological control of aphids: 
There is inconsistency in the results of habitat manipulation to enhance biological control 
(Bianchi et aL 2006), and because of that, there is emphasis on the importance of identifying 
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the target system and providing specific resources through diversity, instead of establishing 
biological diversity randomly (Pov/ell 1986). It could be more effective to manipulate the 
behaviours of a natural enemy within a specific tritrophic system to improve biological 
control strategies. 
As mentioned above (see Section 1.1.4), the early synchrony between colonizing 
aphids and their parasitoids could play a crucial role in limiting aphid population growth, but 
such a synchrony is sometimes disrupted in agroecosystems. However, if we could encourage 
this synchrony through the manipulation of parasitoids' behaviour, using specific 
semiochemicals, it could increase the frequency v/ith which aphid populations are 
successfully regulated by the natural enemy complex, leading to a decrease in insecticide 
applications. Synthetic aphid sex pheromones were involved in a strategy to manipulate 
natural populations of parasitoids which attack aphids in annual crop systems (i.e. cereals) by 
establishing overwintering reservoirs of aphid parasitoids in field margins after harvesting 
arable crops and then attracting conserved parasitoids to the neighbouring crop in spring 
(Powell et aL 1998). This strategy increases the synchrony between the aphids and the 
parsitoids by encouraging the latter to re-colonise the target crop early, before the aphid 
infestation becomes too high and out of control (Powell and Pickett 2003). 
1.7 Introduction to the current work: 
As mentioned before, wind tunnel experiments have indicated a high degree of variability 
among parasitoid individuals in their response to aphid sex pheromones and this response 
does not appear to be affected by learning (Glinwood 1998). However, the factors behind 
such variability are still unstudied. 
Our growing understanding of the factors that rule behavioural plasticity in 
parasitoids, alongside an understanding of the genetic basis of the parasitoids' behaviours 
could increase the effectiveness of the manipulation strategy mentioned above, and could 
provide opportunities for the mass production of parasitoid strains suitable to be. used in a 
particular crop/pest situation. To achieve this, a comprehensive understanding of the factors 
behind the variation in this response should be investigated (i.e. if this response is genetically 
fixed and there were more advanced studies to quantify it and identify the genes that 
determine the response to aphid sex pheromone, it would open the way for a possibility for 
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genetic manipulation of parasitoids to enhance the behavioural manipulation that is already 
in use, by either increasing their attraction to, or retention in arable cropping systems). 
The aim of this study was to investigate some of the factors that could determine the 
variation in the response of the aphid parasitoid A. ervi to aphid sex pheromones. 
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Chapter 2 General materials and methods 
2.1 Introduction: 
This chapter will cover the methodology used throughout the thesis. The design of the 
behavioural experiments conducted to investigate our different aims v/ithin each different 
chapter was constant, with some exceptions which v/ill be mentioned at the beginning of 
each chapter where appropriate. This chapter will describe experimental organisms, cultures' 
maintenance, plant models, general procedures, replication and the general statistical 
analyses used throughout the thesis. 
2.2 Materials and methods: 
2.2.1 Tritrophk system under study: 
The main tritrophic system used in most of the study was broad bean {Vicia faba) + the pea 
aphid {Acyrthosiphon pisum) + the parasitoid Aphidius ervi unless other tritrophic systems are 
mentioned (see Chapter 5). 
Plant production: 
The broad bean plants, cv. Sutton, used for insect rearing were grown in a greenhouse at a 
temperature between 18°C and 26°C under a 16:8 (L:D) regime, grown in groups in 13 cm 
diameter plastic pots (Figure 2.2). 
For use in the behavioural experiments, single broad bean plants were potted in 8 crfi 
diameter plastic pots and kept in a greenhouse in the same conditions mentioned above 
(Figure 2.2). All the plants were used in the experiments when they had four fully developed 
leaves, so all the model plants were of the same age. 
Aphid and parasitoid rearing: 
Broad bean plants were infested with pea aphids, A. pisum, collected from a stock culture 
maintained on broad bean by M. Torrance in the Rothamsted insectary, originally established 
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from aphid populations collected on Rothamsted Farm in 2002, mainly from pea plants. With 
regards to parasitoid rearing, the parasitic wasp, A. ervi, was reared on its natural host pea 
aphid, A. pisum, and maintained on potted broad bean (V. faba) plants, cv. Sutton, as 
mentioned above. Both aphid and parasitoid cultures were kept in separate environmental 
chambers at 18 ± 1°C, 75 + 5 % relative humidity, and 16L: 8D photoperiod. The parasitoid 
colonies were kept at 80-100 females per rearing cage by removing excess mummies or adults 
from the cages during routine maintenance. Each two weeks, six new potted broad bean 
plants, infected vnth a mixed-aged population of aphids, were placed into each cage and the 
old plants removed. Mummies were collected from the removed old plants by cutting off the 
leaves on which they were found and then carefully removing them from the plant surface 
with fine forceps. For the experiments, mummies obtained in this way were isolated singly in 
micro tubes (1.5 ml) vnth two drops of honey solution (50%) on the lid and with a small hole 
for ventilation, and kept under the same environmental conditions mentioned above until 
emergence. All A. ervi females used throughout our behavioural experiments were fed 
females unless other dietary conditions are mentioned (see Chapter 4). 
2.2.2 Experimental design and experimental procedures: 
All the behavioural observations were designed to investigate the response of A. ervi to the 
aphid sex pheromone (4aS,7S,7aR)-nepetalactone. In each replicate of an experiment, the 
same female parasitoid was used in the same treatment to search on two plants consecutively 
(henceforth referred to as first foraging attempt and second foraging attempt). Separate test 
plants were always used for the first and second attempts within each treatment (Figure 2.1). 
Details of experimental design will be explained v/ithin descriptions for each different 
behavioural observation. 
Considering the results of behavioural experiment 1( Chapter 3), which tested the 
effect of leaving different time gaps ( 0, 30 and 60 minutes) between the first and second 
foraging attempts on the searching behaviour of A. ervi, the time gap between first and 
second foraging attempt was not a significant factor (see results of behavioural experiment 1, 
Chapter 3). Therefore, a chosen fixed time gap of 10 minutes between the first and second 
attempt for the same treatment was used in all subsequent behavioural experiments to 
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standardize them (the 10 minutes time gap was chosen only for having a rest between two 
replicates). 
For most of the experiments, broad bean plants, cv. Sutton (approximately 10 cm 
high), potted singly in 8 cm diameter pots, were used as model plants unless other model 
plants are mentioned (see Chapter 5). With regard to A. ervi used in the experiments, virgin 
females less than 72 hours old (Takken 2005), which had had no contact with aphids or host 
plants since emergence, were, used unless mated females or females v/ith oviposition 
experience are specifically mentioned (see Chapter 4). All experiments were performed in 
controlled environment rooms at a temperature of 19 ± 1°C, between 9.30 am and 4.30 pm 
(Lazzari et al. 2004). The experimental arena was a Perspex insectary cage (approximately 45 
cm wide x 45 cm deep x 69 cm tall), and for each treatment, white wooden screens were 
placed around the back and the two sides of the cage to avoid any visual effects (the 
tendency of parasitoids to fly towards some specific surrounding colours more than to respond 
to the applied stimulus). A wooden turntable was placed in the base of the cage and a single 
test plant was situated in the centre of the turntable, and during each test, the cage door 
was removed to allow observation (Figure 2.3). Different cages and rooms were used for 
control and nepetalactone treatments to avoid cross contamination. The intact plants used in 
all behavioural experiments were whole clean plants v/ith no aphids on them. 
All the parasitoids used in the behavioural observations were brought to the 
controlled-environment room 30 minutes before the start of the experiment to allow 
acclimatization. For each replicate, a single female parasitoid was allowed to walk from the 
micro tube onto the plant stem, near its base. If the parasitoid immediately flew to the sides, 
ceiling or floor of the cage (including the turntable) after leaving the micro tube, it was 
retrieved into the micro tube and re-released onto the stem again. The female was discarded 
if it failed to start searching after 3 release attempts. The parasitoid was observed for as long 
as it remained on the test plant, revolving the turntable and using a hand mirror to aid 
observation as necessary. The time spent either walking or engaging in other behaviours 
(gropming, resting) was recorded. The observation ended when the parasitoid flew away from 
the test plant but, if the parasitoid dropped or flew to the soil around the base of the plant 
and then within 5 seconds returned to the plant, the observation was continued. 
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Figure 2.1 A replicate of one behavioural experiment. The same female of A. ervi was used to search on 
two plants, first foraging attempt and second foraging attempt. 10 minutes time-gap was left between 
the two searching attempts. 
2.2.3 Replication: 
For each observarional experiment, equal numbers of replicates of each treatment were 
conducted per experimental session, and the sequence of the replicates of each treatment 
were alternated (e.g. if a control replicate was conducted in the morning on day 1, the 
pheromone (nepetalactone) replicate was done in the morning on day 2) to account for any 
diurnal variability in parasitoid activity or responsiveness. Moreover, replicates of the control 
and pheromone treatments were performed in separate rooms in the behavioural laboratory 
during the same day to avoid contamination of the controls by the volarile chemicals. 
However, to avoid the effects of potential differences in room conditions, control and 
nepetalactone treatments were alternated between the two rooms on a daily basis (e.g. when 
the control replicate was conducted in room 1 on day one, it was done in room 2 on day 2). 
The rate of air exchange in the rooms cleared any residual nepetalactone from behavioural 
rooms overnight. 
2.2.4 Statistical Analysis: 
For all observations, both measurements (first and second foraging attempts) were used in a 
single analysis. The response variables were: time spent walking in seconds (T_Walk), total 
time spent on the plant in seconds (TotaLtime) and proportion of time spent walking 
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(Prop_Walk). In order to follow the underlying residual assumptions for linear models, several 
transformations of the response variables such as logarithmic transformation of base e, logit 
transformation and square root were evaluated. These different transformations helped to 
approximate normality of residuals and homogeneity of variances (for clarity, both 
transformed and back transformed residual plots for all experiments were provided in 
Appendixes), and they will be mentioned within each observation throughout, the different 
chapters. 
Analysis of variance for all responses was conducted using REML as implemented in GenStat 
8.0 (Payne et al. 2005)for the following linear mixed model: 
yyki = M + Order ,• + Treatment j + Attempt k + Treatment. Attempt jk + Ind [ + e (1) 
Where: 
Vijki : measurement for an individual insect. 
Order j : fixed effect of order of treatments which includes the time in 
which different treatments were conducted (morning or afternoon) and the room in which a 
replicate was conducted (room 1 or room 2). 
Treatment j : fixed effect of treatment. 
Attempt k : fixed effect of attempt measurement. 
Treatment.Attempt jk : fixed interaction effect of treatment and attempt. 
Ind I : random effect of insect. 
e ijki : residual. 
The factor Ind allows for a correlation of observations belonging to the same individual 
(insect) over repeated measures (i.e. attempts). For all experiments, a significance level of a 
= 0.05 was used. Any adjustments to this model will be mentioned when appropriate. 
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Chapter 3 The effect of Nepetalactone on the searching 
behaviour of Aphidius ervi and switching between the plants 
3.1 Introduction: 
The host foraging behaviour of female insect parasitoids is a complex and hierarchical 
process, which can be divided into various steps including habitat orientation, host location, 
host acceptance, host suitability and host regulation (Doutt 1959; Vinson 1976, 1984a, 1984b, 
1985). During this behavioural process the first three steps are termed the host selection 
process {Vinson 1984b), which has been further divided into seven categories {Vinson 1984a): 
habitat preference, potential host community location, host location, host examination, 
ovipositor probing, ovipositor drilling and oviposition. 
Previous research on tritrophic systems consisting of a parasitoid, herbivore insect, 
and a plant has shown that parasitoids develop different strategies during their host foraging 
behaviour {Vet and Dicke 1992; Mauricio and Rausher 1997; Shiojiri et al. 2001). An array of 
both chemical and physical cues is used by parasitoids during all foraging behaviour stages 
enabling them to decide where to search and how long to search in a certain habitat (Vinson 
1985; Vet and Dicke 1992; Battaglia et al. 1995; Vet et al. 1995; Vet 1999; Storeck et al. 
2000). 
Foraging behaviour of insects is known to be variable within and among populations. 
That variation in insect behaviour is influenced by genetics, phenotypic plasticity 
(modification of the phenotype in response to different environmental conditions), the 
environment and the individual's physiological state (Jaenike 1985; Rausher 1985; Sokolowski 
1985; Graf and Sokolowski 1989; Godfray 1994). During experiments, the environmental 
conditions can be controlled, and the insects' physiological state can be standardised as much 
as possible, leaving genetics and phenptypic plasticity as the main sources of individual 
variation. Pre-adult experience (developmental conditioning) and post-experience (learning) 
are considered the main factors influencing phenotypic plasticity (Rodriguez et al. 2002; 
Langley et al. 2006). Thus, genetics, conditioning and learning are the key factors which 
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determine the behaviour expressed at any one time (Vet and Groenewold 1990; Vet et al. 
1995; Poppy eta / . 1997a). 
It has been observed that aphid parasitoids respond to aphid sex pheromones in the 
field (Hardie et al. 1991; Powell et al. 1993; Hardie et al. 1994a; Lilley et al. 1994a; Lilley et 
al. 1994b; Glinwood et al. 1998) and in the laboratory (Lilley and Hardie 1996; Glinwood et 
al. 1999a; Glinwood et al. 1999b). The pheromone in this case acts as a kairomone, whereby 
the receiver (female parasitoid) but not the emitter (aphid) benefits (Powell and' Pickett 
2003). The existence of a behavioural response to the pheromones was initially demonstrated 
after several species of the genus Praon were caught in field traps, which were set to emit 
synthetic aphid sex pheromones in an attempt to monitor male aphids (Hardie et al. 1991; 
Hardie et al. 1994a). Subsequently, many experiments have been conducted to elucidate the 
response of Aphidius ervi to aphid sex pheromones (Powell et al. 1998; Glinwood et al. 
1999a; Glinwood et al. 1999b). Both the impact of parasitoid learning and the influence of 
the presence of plant-derived synomones on the response of A. erW were examined (Glinwood 
et al. 1999a). However, the sources of variation of parasitoids' response to aphid sex 
pheromone are still unclear and needs more investigations. 
This study involved initial attempts to investigate these sources of variation, starting 
with behavioural experiments. The searching behaviour of A. ervi in the presence and 
absence of the aphid sex pheromone (4aS,7S,7a/?)-nepetalactone was investigated through 
serial behavioural experiments, involving the same individual female parasitoids searching on 
two plants consecutively, using a model tritrophic system consisting of A. ervi (parasitoid), 
the pea aphid Aq/rthosiphon pisum (host), and broad bean Vicia faba (host food plant). 
Using the same parasitoid individual in two successive foraging behaviour tests was an 
attempt to mimic what is happening naturally in the parasitoid habitat. During their host 
foraging behaviour, parasitoids have to steer their way towards the host habitat and 
oviposition sites, which is considered as the initial step in the host selection process (Vinson 
1976). Once the macrohabitat (forests, fields, etc.) is found, parasitoids start to search for 
the microhabitat (potential sources of host food, such as host food plants) (van Alphen and 
Vet 1986). Different cues are exploited by parasitoids to locate either macrohabitat or 
microhabitat; while long range cues are used in the former, short range cues are utilized in 
the latter (Vet et ai. 1990a; Vet and Dicke 1992; Battaglia etal. 2000). Aphid sex pheromones 
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are considered as a potential long range cue in the field, due to their prime function of 
attracting alate male aphids to sexual females. However, when an. appropriate habitat is 
found, parasitoids intensively search individual plants and move between them within the 
same habitat, if no hosts are found v/ithin a given time, termed the 'giving up time' {Waage 
1979), the parasitoid will search for a new host or habitat patch. The 'giving up time' models 
can be used to model both the patch selection behaviour {van Alphen and Galis 1983), and 
the use of odour cues by parasitoids, which, use such cues for both food and host location. 
Additionally, sometimes instead of making decisions to leave a particular habitat patch, 
parasitoids decide to give up on the use of a species-specific searching cue to find a host 
{Kester and Barbosa 1991; Brassil 2007). The presence of chemical or physical cues to host 
presence, such as aphid honeydew, can increase the time spent searching in a habitat patch, 
thus increasing the probability of locating any hosts present. Aphid sex pheromones could be 
acting as either attractants during parasitoid habitat location behaviour or as arrestants, 
increasing searching time during host location behaviour within a habitat patch, or both. 
Therefore, it is critical to investigate the effect of exposure to aphid sex pheromone during 
the searching of plants and its effect on movement between host plants. 
Because the times spent searching a plant in the presence and in the absence of 
aphid sex pheromone were compared for the same individual parasitoids, it was important 
firstly to address the following question: when another opportunity is given to the same 
female parasitoid to search a second plant, does the parasitoid give up searching the second 
plant more quickly, if no hosts are found, and look for a new habitat or does she search the 
second plant as intensively as the first, assuming both are in the same habitat patch? The 
influence of aphid sex pheromone on this behaviour was also investigated. 
3.2 Materials and methods: 
To establish the tritrophic system used in this chapter, the procedures for plant production, 
and aphid and parasitoid rearing mentioned in Chapter 2 were followed. Additionally, the 
same experimental design, experimental procedures, replication and statistical analysis 
described in Chapter 2 were used for the experiments reported in this chapter. 
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3.2.1 Behavioural experiment 1: 
The first experiment was designed as a basic observation to test the effect of the time gap 
left between the first and second foraging attempts on the time spent on the second plant 
and to determine the most appropriate time gap to use in subsequent experiments. Thirty 
females were assigned to three different time gaps (treatments), A: Time gap= 0 minutes, B: 
Time gap= 30 minutes and C: Time gap= 60 minutes. Ten different virgin females were tested 
for each treatment, and their searching behaviour was measured over two foraging attempts. 
For each treatment, both first and second plants were untreated plants (i.e. without the 
presence of nepetalactone). All treatments were tested once per experimental session and in 
a different order each day (see Replication in Chapter 2). For this experiment, all replicates 
were conducted in the same controlled room as there were no pheromone treatments. Each 
female was introduced to the test plant (first attempt) as mentioned in the procedures and 
once it flew away from the first plant, it was retrieved to the micro tube again and 
introduced to a new plant (second attempt) leaving a specific time gap (A, B or C) between 
attempts. 
The response variables were subjected to several transformations. The follov/ing were 
used: 1) logarithmic transformation of base e for T_Walk (logWalk); and 2) logit 
transformation for Prop_Walk (logitProp). No transformation was required for TotaLtime (see 
the residual plots, untransformed and transformed in Appendix A). The statistical analysis 
compared mean differences between the treatments over both attempts, by testing the 
significance of the factor Treatment. Also, differences between treatments on their average 
change from first to second attempt were tested, by evaluating the effect of the interaction 
Treatment. Attempt. 
3.2.2 Behavioural experiment 2: 
This behavioural experiment was designed to investigate the effect of nepetalactone on the 
searching behaviour of the female parasitoids during a second foraging attempt. Ten replicate 
females were tested for each treatment and their behaviour was measured over two foraging 
attempts. The experimental design was as follows: 
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Treatment First foraging attempt Second foraging attempt 
A 
(Control) 
Intact plant 
without pheromone 
Intact plant 
without pheromone 
B 
(Pheromone) 
Intact plant 
without pheromone 
Intact plant 
with the presence of pheromone 
For the nepetalactone-treated plants, all the test plants needed for the following day's 
replicates were placed in the test cage overnight together v/ith a 1 cm long pheromone strip. 
Nepeta cataria volatile oil containing (4aS,7S,7aR)-nepetalactone 84% and (-)-beta-
Caryophyllene 8% was formulated into a green PVC polymer strip at AgriSense BCS Limited 
with an inclusion rate of 5% by weight. The exact ingredients and proportions of the PVC 
polymer are proprietary, however, the mix contained between 20% and 40% of dioctyl 
phthalate and dibutyl phthalate as the plasticizers releasing nepetalactone. The pheromone 
strip was placed towards the rear of the cage on a small filter paper and was left in the cage 
during the observations. The cage door was fitted to the cage overnight and then removed at 
the start of the experiment, With regards to the control treatments, all plants needed for the 
following day were also positioned in the trial cage in another room overnight to standardize 
the test plant conditions used in treatments A and B. 
The same response variables used in Experiment 1, were considered in this 
observation with the same transformations (see Appendix A). Firstly, within each treatment, 
first and second foraging attempts were compared (i.e. A-1 versus A-2 and B-1 versus B-2), 
and secondly, the difference between the treatments v/ithin the first and second foraging 
attempt was evaluated separately (i.e. A-1 versus B-1 and A-2 versus B-2). To test the 
significance of each comparison, a z-statistic was calculated for each variable and then 
compared to its critical value (a = 0.05). 
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3.2.3 Behavioural experiment 3: 
This experiment was designed to test the effect of nepetalactone on the searching time of 
the same female parasitoid when given a second foraging attempt, but in the presence of 
plant volatiles induced by aphid feeding damage. Aphid-induced plant volatiles play an 
important role in the foraging of aphid parasitoids, many of which also respond to aphid sex 
pheromones, and if sex pheromone lures are to be used in the field to manipulate parasitoids 
they would be expected to function in the presence "of cues from host plants and the insect 
host-plant complex. Consequently, it would be valuable to investigate the possible interaction 
of sex pheromones and aphid-induced volatiles on the searching behaviour of A. ervi. Twenty 
female parasitoids were examined for each treatment and their behaviour was measured over 
two foraging attempts. The experimental design was as follows: 
Treatment First foraging attempt Second foraging attempt 
A 
(Control) 
Intact plant 
Without pheromone 
Aphid-damaged plant 
Without pheromone 
B 
(Pheromone) 
Intact plant 
Without pheromone 
Aphid-damaged plant 
With the presence of pheromone 
For the nepetalactone-treated plants and control plants, the same procedures followed in 
Experiment 2 were performed. For damaged plants, all test plants needed for the experiment 
were infested with 40-50 mixed instars of A. pisum per plant, 72 hours before starting the 
experiment (plants had at least three fully developed leaves) and then all the aphids were 
removed from the damaged plants the night before the experiment. This level of infection 
ensures the release of aphid-induced volatiles (Guerrieri et aL 1999). 
Different transformations were required to approximate normality. The square root 
transformation was applied to both T_Walk (sqWalk) and TotaLtime (sqTotal), and no 
transformation was used for Prop_Walk (see Appendix A). The analysis of variance was 
conducted using the linear model from Equation (1) (see Section 2.2.4). Within each 
treatment, first and second foraging attempts were compared, and the difference between 
the treatments v/ithin the first and second foraging attempts was evaluated separately. 
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3.2.4 Behavioural experiment 4: 
in all previous experiments, only intact and untreated plants were used for the first 
attempt in order to avoid the influence of experience when the females were moved from 
the first plant to the second one. In this experiment, the effect of nepetalactone on the 
parasitoid searching time during the second foraging attempt was investigated after 
allovflng the parasitoid experience of searching an aphid-damaged plant during the first 
attehfipt. A total of forty insects were tested, and the design of this experiment was as 
follows: 
Treatment First foraging attempt Second foraging attempt 
A 
(Control) 
Aphid-damaged plant 
Without pheromone 
Aphid-damaged plant 
Without pheromone 
B 
(Pheromone) 
Aphid-damaged plant 
Without pheromone 
Aphid-damaged plant 
With the presence of pheromone 
For all damaged plants, the same procedure carried out in Experiment 3 was repeated here 
together with the procedure vnth untreated and treated plants. The same transformations 
used in experiment 3, were implemented in this experiment (see Appendix A). 
3.3 Results: 
3.3.1 Behavioural experiment 1: 
The results from fitting the linear mixed models (Table 3.1) show that for the variance 
components for all variables, there was not a significant effect of the individual Insect on the 
measurement. Consequently, the correlation between measurements is very small (e.g. 6% for 
logitProp). No statistical significance was found for any of the factors under study, with the 
exception of Order and Attempt factors for TotaLtime (Table 3.1). For the latter variable, 
there was a significant reduction in the mean time spent on the plant from 1800 seconds on 
the first plant to 904 seconds on the second plant. However, the interaction 
"Treatment.Attempt" was not statistically significant, indicating that even though there was 
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a reduction in the values of the variables between first and second attempt, this reduction 
was the same across all treatments (Table 3.3). 
in summary, it can be concluded that there is no statistically significant effect of the 
treatments (time gap) or their interaction on any of the variables under study. The 
parasitoids tended to spend significantly less time searching on the second plant and this was 
not affected by leaving a time gap of up to 60 minutes. 
For clarity, the predicted means for each treatment on their back-transformation 
units (where it corresponds) are shown in Tables 3.2 and 3.3. it can be seen that there are 
some apparent differences between the attempts within treatments, mostly in Prop_Walk, 
but the standard errors of the difference (SED) are large and the differences are not 
statistically significant, which might be due to the small sample size and large variability 
among individuals. 
logWalk TotaLtime logitProp 
VARIANCE COMPONENT Estimate Estimate Estimate 
Ind 0.000 1 0.224 
Residual 1.445 1549012.000 3.500 
FACTOR p-value p-value p-value 
Order 0.120 0.047 0.865 
Treatment 0.730 0.974 0.325 
Attempt 0.370 0.005 0.271 
Treatment.Attempt 0.469 0.537 0.774 
Table 3.1 Summary of statistical analysis using a mixed linear model for response variables (after 
transformations) of A. ervi females during two consecutive foraging attempts on different plants, with 
different time gaps between foraging attempts. n= 10. Degrees of freedom (denominator) = 53. 
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Time Gap T_Walk TotaLtime Prop_Walk 
0 min (A) 68.44 1357 0.118 
30 min (B) 92.48 1395 0.215 
60 min (C) 78.57 1303 0.246 
Table 3.2 Predicted means for back-transformed response variables of A. ervi females during two 
consecutive foraging attempts on different plants, with different time gaps between foraging attempts. 
Time Gap Attempt T_Walk TotaLtime Prop_Walk 
0 min (A) 1 63.43 1555 0.0972 
0 min (A) 2 73.85 1159 0.1421 
Difference -10.42 396 -0.045 
30 min (B) 1 136.32 1931 0.2017 
30 min (B) 2 62.74 859 0.2299 
Difference 73.58 1072 -0.028 
60 min (C) 1 87.27 1913 0.1659 
60 min (C) 2 70.74 694 0.3498 
Difference 16.53 1219 -0.184 
Table 3.3 Predicted means of Treatment and Attempt combination for back-transformed response 
variables of A. ervi females during two consecutive foraging attempts on different plants, with different 
time gaps between foraging attempts. 
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3.3.2 Behavioural experiment 2: 
The results from fitting the linear mixed models (Table 3.4) show that for the variance 
components there was an important effect of the individual insect factor only for the 
variables logWalk and logitProp. These values correspond to a correlation between 
measurements of the same individual of 0.56 and 0.39 for logWalk and logitProp respectively. 
Several effects were statistically significant for the variables logWalk and TotaLtime, 
including a significant interaction between Treatment and Attempt factors (Table 3.4). For 
logitProp, no statistically significant result was found for any factor. The p-values for 
comparison of means between treatment A and B on the first attempt did not show any 
differences. However, for the second attempt statistically significant differences were found 
for the variables logWalk and TotaLtime (Table 3.4). 
Table 3.5 shows higher values for treatment B in the second attempt. Also, no 
differences were found between first and second attempts in treatment A (Table 3.4). 
However, when comparing first and second attempts in treatment B, a significant difference 
was found for logWalk and TotaLtime (Table 3.4). This is clear from looking at Table 3.5. 
Differences between treatments in the second attempt for the variable logitProp show a 
similar trend but they were not statistically significant. 
In summary, the searching behaviour of the insects was the same during the first 
foraging attempt when nepetalactone was not present in either treatment, but during the 
second attempt, presence of the pheromone in treatment B caused a significant increase in 
the total time and time spent walking on the plant, but the proportion of time spent walking 
whilst on the plant remained relatively constant. No statistically significant differences were 
found for any of the variables when comparing the means for first and second attempts in 
treatment A. This is an indication that v/ithout the presence of the pheromone, there was no 
change of searching behaviour of the insects between the first and second foraging attempts; 
only when the pheromone was present was there an increase in activity. 
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logWalk TotaLtime logitProp 
VARIANCE COMPONENT Estimate Estimate Estimate 
Ind 0.951 1 0.771 
Residual 0.759 2,134,727 1.194 
FACTOR p-value p-value p-value 
Order 0.786 0.005 0.308 
Treatment 0.029 0.002 0.204 
Attempt 0.559 0.051 0.697 
Treatment.Attempt 0.002 < 0.001 0.725 
Comparison of means p-value p-value p-value 
A-1 versus A-2 0.076 0.307 0.979 
B-1 versus B-2 < 0.001 < 0.001 0.600 
A-1 versus B-1 0.640 0.199 0.866 
A-2 versus B-2 < 0.001 < 0.001 0.210 
Table 3.4 Summary of statistical analysis using mixed linear models for response variables (after 
transformations) of A. em" during two consecutive foraging attempts on different plants. In the 
comparison of means, 1= First foraging attempt and 2= Second foraging attempt. A= both plants are 
intact without the presence of nepetalactone, B= both plants are intact with the presence of 
nepetalactone only on the second plant. n= 10. Degrees of freedom (denominator) = 36. 
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Treatment Attempt T_Walk TotaLtime Prop_Walk 
A 1 210.61 2180 0.138 
B 1 277.00 .2050 0.215 
A 2 105.32 1513 0.139 
B 2 764.33 4519 0.262 
Table 3.5 Predicted means of Treatment and Attempt combination for back-transformed response 
variables of A. erw females during two consecutive foraging attempts on different plants. A= both plants 
are intact without the presence of nepetalactone, B= both plants are intact with the presence of 
nepetalactone only on the second plant. 
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3.3.3 Behavioural experiment 3: 
Table 3.6 shows that for the variance component estimates there is a moderate effect of the 
individual insect factor for all variables. These values correspond to a correlation between 
observations of the same individual between 0.18 and 0.36, with the highest value for 
Prop_Walk. 
Several factors gave statistically significant results for all the variables. Interestingly, 
the factor Attempt was always statistically significant, as a result of an increase in total time 
spent on the plant, time spent walking and proportion of tirrie spent walking in the second 
attempt, when the plant was aphid-damaged (see Table 3.7). During the first attempt, the 
treatments were not significantly different, as expected, but for sqWalk and sqTotal a 
significant effect of the pheromone was apparent when means for the second attempt were 
compared (Table 3.6). The absence of differences in the first attempt is expected because 
both treatments were identical at this stage of the experiment. 
Comparison of data for the two foraging attempts within each of the treatments, 
gives interesting conclusions. For treatment A, there were statistically significant differences 
between attempts for sqWalk and Prop_Walk, Indicating that moving the females from an 
Intact plant to a damaged one produced a change in the searching behaviour. This difference 
is confounded with potential differences between attempts. Nevertheless, in Experiment 2 no 
differences were found between attempts when the plants were always Intact. Therefore, it 
can be speculated that the differences found in the present experiment are due to factors 
associated with the aphid-damaged plants. 
Differences between attempts within treatment B were always significant, which is 
probably due to a combined effect of aphid-induced plant volatiles and presence of aphid sex 
pheromone on parasitoid searching behaviour. Looking at Table 3.7, it can be seen that the 
means show considerably larger values for treatment B in the second attempt. Importantly, 
comparing the treatments during the second attempt, when the pheromone was present in 
treatment B, revealed significant differences for all three variables. Therefore, the 
pheromone Increased the time spent searching on the plant even In the probable presence of 
other searching stimuli (aphid-induced plant volatiles). 
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In summary, the effect In the second attempt of the presence of nepetalactone was 
an increase in total time on the plant and time spent walking on the plant. However, the 
proportion of time spent walking remained relatively constant within each attempt. 
sqWalk sqTotal Prop_Walk 
VARIANCE COMPONENT Estimate Estimate Estimate 
Ind 15.00 22.6 0.0117 
Residual 70.64 101.4 0.0205 
FACTOR p-value p-value p-value 
Order 0.004 0.344 0.038 
Treatment < 0.001 0.005 0.064 
Attempt < 0.001 < 0.001 < 0.001 
Treatment.Attempt 0.074 0.044 0.660 
Comparison of means p-value p-value p-value 
A-1 versus A-2 <0.001 0.3904 < 0.001 
B-1 versus B-2 < 0.001 < 0.001 < 0.001 
A-1 versus B-1 0.096 0.440 0.076 
A-2 versus B-2 < 0.001 < 0.001 0.2016 
Table 3.6 Summary of statistical analysis using mixed linear models for response variables (after 
transformation) for A. ervi females during two consecutive foraging attempts on different plants. In the 
comparison of means, 1= First attempt and 2= Second attempt. A= only second plant is aphid-damaged 
but without the presence of nepetalactone, B= only second plant is aphid-damaged but with the 
presence of nepetalactone. n= 20. Degrees of freedom (denominator) = 76. 
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Treatment Attempt T_Walk TotaLtime Prop_Walk 
A 1 245.55 1689.21 0.171 
B 1 422.30 1946.57 0.271 
A 2 1357.19 1921.95 0.706 
B 2 2345.46 3124.81 0.779 
Table 3.7 Predicted means of Treatment and Attempt combination for back-transformed response 
variables of A. erW females during two consecutive foraging attempts on different plants. A= only 
second plant is aphid-damaged but without the presence of nepetalactone, B= only second plant is 
aphid-damaged but with the presence of nepetalactone. 
3.3.4 Behavioural experiment 4: 
The results from fitting the linear mixed models (Table 3.8) show that for the variance 
components there is a small to moderate effect of the individual insect factor for all 
variables. These values correspond to a correlation between observations of the same 
individual between 0.02 and 0.27, with the highest value for Prop_Walk. 
Several factors gave statistically significant results for all the variables. The factor 
Attempt was always statistically significant, as a result of total time on the plant, time spent 
walking and proportion of time spent walking all being greater in the second attempt. During 
the first attempt, the treatments were not significantly different with the exception of 
sqWalk, which was weakly significant. Nevertheless, for sqWalk and sqTotal, a significant 
difference between treatments was evident during the second attempt (Table 3.8). 
Comparing attempts within each of the treatments gives interesting conclusions. For 
treatment A, there were statistically significant differences between first and second 
attempts for sqWalk and Prop_Walk, indicating that the behaviour of the insect between the 
first and second attempt under the same conditions changed. But as expected, differences 
between attempts within treatment B were always significant, indicating that there was a 
change in behaviour in the presence of the pheromone. Nevertheless, due to the significance 
of attempts within treatment A, this difference could be confounded. Also, looking at the 
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original dataset, -it was noted that several insects in treatment A increased their time spent 
walking considerably, which might explain these results. 
Table 3.9 contains the predicted means for each Treatment and Attempt combination 
in their transformed and back-transformed units (where it corresponds). In relation to the 
magnitude of the SEDs these means show considerably larger values for treatment B in the 
second attempt, but differences in Prop_Walk were much smaller. 
In summary, the effect in the second attempt of the presence of nepetalactone was 
an increase of total time and time spent walking on the plant, but v^thin each treatment, the 
proportion of time spent walking remained relatively constant. Also, it seems relevant to 
further investigate the changes observed between attempts v^thin treatment A. 
sqWalk sqTotal Prop_Walk 
VARIANCE COMPONENT Estimate Estimate Estimate 
Ind' 21.05 1.96 0.0091 
Residual 82.21 95.60 0.0242 
FACTOR p-value p-value p-value 
Order 0.972 0.132 0.476 
Treatment < 0.001 < 0.001 0.100 
Attempt < 0.001 < 0.001 < 0.001 
Treatment.Attempt 0.208 0.038 0.413 
Comparison of means p-value p-value p-value 
A-1 versus A-2 < 0.001 0.2362 < 0.001 
B-1 versus B-2 < 0.001 < 0.001 < 0.001 
A-1 versus B-1 0.0422 0.1566 0.0709 
A-2 versus B-2 < 0.001 < 0.001 0.4124 
Table 3.8 Summary of statistical analysis using mixed linear models for response variables (after 
transformations) of A. ervj females during two consecutive foraging attempts on different plants. In the 
comparison of means, 1= First attempt and 2= Second attempt. A= both first and second plant are aphid-
damaged without the presence of nepetalactone, B= both first and second plant are aphid-damaged 
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20. Degrees of freedom (denominator) 
Treatment Attempt T_Walk TotaLtime Prop_Walk 
A 1 443.5 1429.6 0.3320 
B 1 760.7 1783.4 0.4362 
A 2 976.6 1719.8 0.5782 
B 2 1838.7 3021.7 0.6255 
Table 3.9 Predicted means of Treatment and Attempt combination back-transformed response variables 
of A. ervi females during two consecutive foraging attempts on different plants. A= both first and 
second plant are aphid-damaged without the presence of nepetalactone, B= both first and second plant 
are aphid- damaged with the presence of nepetalactone only on the second plant. 
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3.4 Discussion: 
The potential of parasitoid manipulation using synthetic aphid sex pheromone was 
significantly supported by the results of these behavioural observations. The serial 
behavioural experiments demonstrated a significant response of A. ervi to synthetic aphid sex 
pheromones. The reduction in time spent on the intact plants (v/ithout pheromone presence) 
between the first and second foraging attempt is a strong indicator that parasitoids, vnth the 
absence of hosts or any effective foraging stimuli, give up searching quickly when moving 
between undamaged or intact plants within a habitat (behavioural experiment 1). Not only do 
parasitoids exploit the chemical information originating from the plant on which the 
herbivore host is feeding, but they also utilize chemical information emitted from the 
herbivore itself, from organisms associated with herbivore presence, or from interactions 
between these sources (Vet and Groenewold 1990; Vet and Dicke 1992; Godfray 1994; Du et 
al. 1996; Storeck et al. 2000; Gohole et al. 2003). However, the lack of host-specific 
information, and ultimately the lack of successful host encounters within a habitat patch, 
forces the parasitoid to leave in search of a new habitat patch (Thiel and Hoffmeister 2004; 
Tentelier et al. 2006). 
When the pheromone was present with intact plants in the second foraging attempt 
(behavioural experiment 2), it acted as a searching stimulant increasing the time spent on the 
plant, and more effectively, increasing the time spent walking on the plant, even though all 
the tested parasitoids had already spent time searching on the first plant. The aphid 
pheromone at this stage of the foraging process appears to play a role as an arrestant, 
stimulating the parasitoid to continue searching for aphids, and thereby increasing the 
possibility of encountering any aphids present on the plant, in a similar way to honeydew 
acting as a searching stimulus (Budenberg 1990; Budenberg et al. 1992). 
Previous studies have demonstrated that, in the absence of any aphids to attack, 
prolonged exposure of parasitoids to aphid sex pheromones alone (without oviposition 
experience), resulted in a gradual decline in the parasitoid response to the pheromone 
(Glinwood et al. 1999a). This effective process, which is known as habituation (Budenberg et 
al. 1992; Papaj et al. 1994), prevents the parasitoid from foraging for long periods in 
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inappropriate areas or on plants which may contain a foraging cue but no aphids (Budenberg 
etal. 1992). 
One effective mechanism used by parasitoids to circumvent the reliability-
delectability problem with olfactory foraging cues is responding to volatiles produced by 
plants that have been attacked by herbivores (herbivore-induced synomones) (Vet and Dicke 
1992). This mechanism provides parasitoids v^th both easy-to-detect volatiles because they 
are produced by the plants, and reliable ones with respect to herbivore presence, and has 
been termed as plant signalling (De Moraes et al. 1998; Arimura et al. 2001; Arimura et al. 
2005). When tested in wind tunnel bioassays, naive A. ervi females showed a poor response to 
undamaged broad bean plants and to aphids isolated from plants (Guerrieri et al. 1993; Du et 
al. 1996; Powell et al. 1998). in comparison, a strong oriented flight response has been shown 
by A. erw females towards aphid-infested plants and aphid-damaged plants, even after the 
aphids had been removed and the leaves washed v/ith water to remove any traces of exuviae 
and honeydew. These observations strongly suggest that feeding activity of aphids elicits a 
specific and systemic release of volatiles that are considered as synomones (Guerrieri et al. 
1993; Du et al. 1996; Powell et al. 1998). 
In our study, when two different stimuli were available to A. ervi females in the 
second foraging attempt, the time spent walking and searching on the plant increased 
dramatically (Behavioural Experiment 3). Wind tunnel experiments have shown that aphid sex 
pheromones elevated the attraction of A. erW to the plant-aphid complex, suggesting that 
when two different foraging cues (aphid sex pheromones and aphid-induced plant volatiles) 
are present simultaneously, there is an additive effect on the parasitoid foraging behaviour 
(Powell and Glinwood 1998). This is also shown by the results of behavioural experiment 3, in 
which both the synthetic,aphid sex pheromone and aphid-induced plant volatiles appeared to 
be attractive to the searching females, supporting the findings of recent studies that have 
demonstrated the importance of plant volatiles in mediating foraging behaviour in predators 
and parasitoids (Guerrieri et al. 1993; Dicke 1994; Du et al. 1996; Powell et al. 1998; 
Guerrieri et al. 1999; Mattiacci et al. 2001; Ninkovic et al. 2001; Guerrieri et al. 2002; 
Colazza et al. 2004). Importantly, the presence of the pheromone did not interfere v^th the 
parasitoids' response to the aphid-induced plant volatiles, but on the contrary, pheromone 
presence reinforced the response. Furthermore, leaving the aphid honeydew on the damaged 
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plants, gave the parasitoid an extra stimulus for searching as honeydev/ is known to act as an 
arrestant and searching stimulus (Budenberg 1990; Budenberg et al. 1992; van Alphen and 
Jervis 1996). Thus, an intriguing question arises here, how do we know that A. ervi females 
were not responding to additive effects of honeydew and the pheromone rather than aphid-
induced plant volatiles and the pheromone, or an additive effect of all three potential 
stimuli? Because A.ervi females were in contact with three different foraging cues at the 
same time (aphid sex pheromone, aphid-induced plant volatiles and honeydew), it is difficult 
to answer this question. In a study using the tritrophic system of Psyllaephagus pistaciae 
(parasitoid), pistachio psylla Agonoscena pistaciae (host) and pistachio Pistacia vera (host 
food plant) to investigate the behavioural responses of P. pistaciae to host plant volatiles and 
honeydew, the parasitoid responded to infochemicals emitted by psyllid honeydew but at a 
lower level than to that emitted from infested host plants, although the searching time, 
antennal drumming and ovipositor probing were all affected when parasitoids encountered 
honeydew-contaminated areas on pistachio leaves (Mehrnejad and Copland 2006). On the 
other hand, in a v/ind tunnel bioassay, there was no significant difference in the A. ervi 
females' choice between host-damaged plants still contaminated with host exuviae and 
honeydew and host damaged-plants which had been washed to remove exuviae and honeydew 
(Du et al. 1996). It is important here to mention that all previous studies conducted to 
investigate the interaction between aphid sex pheromones and other foraging cues and its 
effect on the behaviour of aphid parasitoids, had used the plant-host corhplex PHC (the host 
plant was infested with aphids at least 24 hours prior to experiments) in either v/ind tunnel 
bioassays or olfactometers (Glinwood 1998; Glinwood et al. 1999a). As mentioned above, 
parasitoids look for hosts and food simultaneously and honeydew is considered one of the 
most commonly exploited sources of food by hymenopteran parasitoids (Wackers 2001; 
Hogervorst et al. 2007) and it is possible that in our study (Behavioural Experiment 3) at that 
stage of the foraging process (searching onthe plant), aphid honeydew retained an important 
status as a foraging cue, together with both aphid sex pheromone and aphid-induced volatiles 
(A. ervi females used in our experiments were fed on 50% honey solution upon emergence, 
before they were used in the behavioural observations) 
It would be interesting in the future to repeat this behavioural experiment, with and 
without the presence of the pheromone, but testing aphid-damaged plants after being 
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washed to remove any traces of aphid honeydew to see if A. ervi responses to the pheromone 
remain the same when the additional foraging stimulus of honeydew is absent. 
it was interesting to look at the effect of aphid sex pheromone on A. ervi females 
that had previously been exposed to aphid-damaged plants before introduction of the 
pheromone (Behavioural Experiment 4). Being in contact v/ith the damaged plants did not 
reduce the parasitoids' response to aphid sex pheromone in the second foraging attempt. 
However, without the presence of aphid sex pheromone, a similar effect (increase in time 
spent on the plant) was noticed in the tested females when they were moved from one 
damaged plant to another damaged plant, suggesting a positive impact of experience (the 
contact v/ith aphid-induced plant volatiles and honeydew in the first foraging attempt) on 
their subsequent searching behaviour. NaVve A. ervi individuals respond positively to aphid 
sex pheromones in olfactometer bioassays, demonstrating that learning was not involved in 
this response, and providing further evidence that the parasitoid response to the sex 
pheromones is innate, in the sense that it is not learned (Poppy et al. 1997a). On the other 
hand, when allowed to oviposit in host aphids while contacting aphid sex pheromones, 
parasitoids also responded positively, but there was no significant difference in the response 
from naive parasitoids or those given oviposition experience in the absence of the 
pheromone. Thus, there is no well-documented evidence that the response of A. ervi to aphid 
sex pheromones was due to post-adult experience (learning)(Glinwood et al. 1999a). 
Vet et al. (1990a) argued that responses to cues that are directly host-derived (such 
as kairomones) should be congenitally fixed and strong, as such cues are intimately and 
reliably linked v/ith the material presence of the host. Changes in response to these reliable 
stimuli are expected to be conservative in both an ontogenetic and an evolutionary sense. On 
the other hand, environmental cues such as plant volatiles are more plastic but less reliable 
because, in general, each host species feeds on more than one plant species and different 
plant parts, which lead to less predictable and reliable information emitted by the plants (Vet 
and Dicke 1992) 
During the foraging process, parasitoids can exploit information that comes from both 
the first and the second trophic level, either by responding to cues present at the time of a 
successful host encounter, but which were neglected previously (associative learning), or by 
increasing the level of existing responses (sensitization) (Vet et al. 1990a; Turlings et al. 
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1993; Du et al. 1997; Wackers et al. 2002; MiJller et al. 2006). Associative learning, which is 
considered a major source of behavioural plasticity in parasitoids and other insects, can be 
defined as the establishment through experience of an association between two stimuli or 
between a stimulus and a response (Vinson et al. 1977; Lewis and Tumlinson 1988; Vet 1988; 
Turlings et al. 1989; Vet and Groenewold 1990; Du et al. 1997; Poppy et al. 1997a). Reliable 
host-derived stimuli serve as key stimuli (rewards) in associative learning, through which 
parasitoids acquire or enhance responses to unreliable but more detectable synomones (plant 
volatiles) (Lewis and Tumlinson 1988; Swedenborg and Jones 1989; Turlings et al. 1989; 
Turlings et al. 1990b; Vet and Groenewold 1990; Vet et al. 1990a). Within this context, the 
effect of learning on the response of parasitoids to aphid sex pheromones demands further 
investigations. 
Finally, it is important to mention here that the significant differences in the factor order 
observed in some behavioural experiments in this chapter ( Behavioural experiment 1, 2, and 
3) were due to the fluctuating temperatures in one of three controlled environment rooms 
used to conduct my behavioural experiments and this specific room was avoided in all 
subsequent observations. 
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Chapter 4 The effect of the physiological state of females of 
Aphidius ervi on their response to aphid sex pheromones 
4.1 Introduction: 
As mentioned previously, variation in parasitoids' behaviour is influenced by genetics, 
phenotypic plasticity, the environment and the individual's physiological state (Vet and 
Groenewold 1990; Vet et al. 1995; Poppy et al. 1997a). The latter factor is usually 
standardised during the behavioural bioassays, for example using females of the same age and 
all virgins or all mated. However, parasitoids' behaviour commonly varies among individuals 
within species even under controlled laboratory conditions (Lev/is et al. 1990). Many studies 
have explored the factors causing behavioural variation among parasitoids, paying specific 
attention to learning and the physiological state as determinant factors of variation (Mangel 
1987; Charnov and Skinner 1988; Mangel 1989; Heimpel and Collier 1996). in studies of 
behaviour, the effect of the physiological condition of the target insect cannot be neglected 
(Foster and Takken 2004; Takken 2005). 
Some host-selection models have predicted that the observed variation in oviposition 
behaviour among females is an adaptive response to variation in their physiological state and 
that egg load (the number of eggs a female carries in its ovary at a given moment in its 
lifetime) is one of the fundamental fitness factors (Mangel 1987, 1989; Heimpel and Collier 
1996). Additionally, other experimental studies have demonstrated the Influence of egg load 
on host-acceptance behaviour of parasitoids showing a strong link between the variation in 
egg load, even under controlled laboratory conditions, and the individual variation in host-
acceptance behaviour (Collier et al. 1994; Heimpel and Rosenheim 1995; Ueno 1999). 
Upon emergence, foraging parasitoids search for hosts, food and sometimes for 
mates. The priority of these requirements may overlap according to the parasitoids' 
physiological state and may essentially Influence both the quality of their foraging behaviour 
and their response to Infochemical cues (Lewis et al. 1990). For example, if a female 
parasitoid is hungry, its foraging priority would be shifted to food cues more than to host-
71 
Chapter 4 Physiological state 
related cues (Hagen and Bishop 1979). Also, the lack of mature eggs in the ovaries can reduce 
the response to olfactory cues and can affect the foraging pattern, which is generally guided 
by infochemicals (Shahjahan 1974; Donaldson and Walter 1988). in Y-tube olfactory apparatus 
females of Peristenus pseudopallipes with low egg-load were less responsive to food plant 
odours (Shahjahan 1974). Additionally, both starved and sugar-fed females of Cotesia 
rubecula (Hymenoptera: Braconidae), which had no previous experience with flowers, 
responded positively to flower odours regardless their energy state, when presented with a 
choice of flower odours and undamaged leaf odour (Wackers 1994). Moreover, in a wind 
tunnel arena, hungry females responded preferentially to odours learnt in association v/ith 
food, while well-fed female parasitoids preferred odours learnt in association with hosts 
(Lewis and Takasu 1990; Takasu and Lewis 1993; Wackers and Lewis 1994; Takasu and Lewis 
1996), exhibiting an associative learning behaviour (Turlings et al. 1993; Godfray 1994). 
Experimental data and models have indicated that the higher is the deprivation, the 
lower is the selectivity of foraging insects (Mangel 1987; Charnov and Skinner 1988). Both 
hunger level and egg-load affect the parasitoids' response to chemical cues. Parasitic wasps 
lay eggs on or in their hosts and often feed on sugary food. The feeding process provides 
parasitoids with energy resulting in a greater longevity which is usually positively correlated 
v/ith higher fecundity and parasitism rate (Morales-Romos et al. 1996; Heimpel et al. 1997; 
Wackers 2001; Winkler et al. 2006). For a parasitic wasp, the choice between searching for 
hosts or food is more critical when these two resources are found on different plants and the 
female parasitoid still has eggs to lay but has exhausted her energy reserves to complete the 
reproduction process. However, if both host and food resources are found in the same 
foraging patch, the female wasp is alternately assumed to search for both resources in order 
to maximize life time reproduction (Sirot and Bernstein 1996; Casas et al. 2003). Making a 
decision to forage for food instead of hosts depends on many factors such as energy state, 
experience in food searching, egg load, distance to a food resource and the abundance of the 
food patches (Jervis et al. 1996; Heimpel et al. 1998; Lewis et al. 1998; Siekmann et al. 
2004). 
A. ervi is a synovigenic parasitoid so females require food for egg production as well 
as maintenance (Jervis et al. 1996; Jervis et al. 2001). Nectar (floral and extrafloral) and 
honeydew produced by sap-feeding homopterans are considered the main sources of 
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carbohydrate utilized by hymenopteran parasitoids (Wackers 2005). For such parasitoids, food 
sources, especially honeydew, and hosts are present at the same place in the foraging 
patches because honeydew is usually encountered during host-searching activities (Ayal 
1987). 
Most of the recent studies related to parasitoids' feeding are focused on its effect on 
parasitoids' longevity (Jacob and Evans 2000; Wackers 2001; Hogervorst et al. 2003; Azzouz et 
al. 2004;. Hogervorst et al. 2007), fecundity (England and Evans 1997; Schmale et al. 2001) 
and egg maturation (Olson and Andow 1998). However, fewer studies have been conducted to 
investigate the effect of the energy state of parasitoids on their response to foraging cues. 
Even within the studies that have highlighted the effect of the physiological state of the 
parasitoids on their behaviours, the majority were concerned with food cues (visual and 
chemical)(Wackers 1994; Siekmann et al. 2004) with no studies investigating the link between 
the response of parasitoids to host-foraging cues, such as aphid sex pheromones, and their 
nutritional state. 
In the case of egg load, most of the literature available on this topic is concerned 
with linking the egg load of parasitoids with life-history strategies (i.e. survival and life span) 
and developing models to study the impact of pro-ovigeny and synovigeny on the evolution of 
parasitoid life-history strategies (Hunter and Godfray 1995; Ellers et al. 2000; Rosenheim 
2000; Jervis et al. 2001; Ozkan 2007). Additionally, other studies concentrated on the host 
population dynamics with focus on egg limitation and time limitation (Shea et al. 1996; 
Heimpel et al. 1998). On the other hand, few studies have investigated the effect of 
parasitoids" egg load on the different steps of the foraging process (Rosenheim and Rosen 
1991; Ueno 1999; Stokkebo and Hardy 2000; Ueno and Ueno 2005; Hougardy and Mills 2007) 
with no studies related to aphid sex pheromones and the possible effect of the parasitoids' 
physiological state on that response. Additionally, no studies have paid attention to the 
possible differences between mated and virgin female parasitoids in their response to aphid 
sex pheromones or other foraging cues. 
The aim of this chapter was to Investigate the potential influence of three different 
physiological states of the parasitoid A. ervi on Its behavioural response to the aphid sex 
pheromones, measured over two consecutive foraging attempts. The null hypotheses tested 
were the following: 
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• Mated and virgin females of A. ervi respond similarly to aphid sex pheromones. 
• there is no differences in the response of hungry and well-fed females of A. ervi to aphid 
sex pheromones. 
• High egg-load and low-egg load females respond similarly to aphid sex pheromones. 
4.2 Materials and methods: 
The same tritrophic system used in Chapter 3 was used in all behavioural experiments 
conducted in this part of the study. In addition, general methods and procedures described in 
Chapter 2 were followed in this chapter with some exceptions, which will be mentioned 
where appropriate. With regards to the statistical analysis, the same analysis mentioned in 
Chapter 2 was performed in this chapter using the same response variables, time spent 
walking in seconds (T_Walk), total time spent on the plant in seconds (TotaLtime) and 
proportion of time spent walking (Prop_Walk). Similar transformations were implemented for 
each of the three behavioural experiments conducted in this part of the study, the following 
were used: 
The square root transformation was used for both T_Walk (sqWalk) and TotaLtime (sqTotal), 
and no transformation was used for the response Prop_Walk (see Appendix B). 
4.2.1 Behavioural experiment 1, using mated or virgin A. ervi females: 
In all the behavioural experiments conducted in this thesis, virgin A. ervi females were always 
used as mentioned in Chapter 2. However, this, experiment was designed to investigate the 
existence of any difference in response to aphid sex pheromone between virgin and mated 
females over two foraging attempts. Twenty insects were examined in each of two 
treatments and the experiment design was as follows: 
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Treatment First foraging attempt Second foraging attempt 
Mated 
(Mated Females) 
Intact plant 
Without pheromone 
Intact plant 
With the presence of pheromone 
Vi'rgin 
(Virgin Females) 
Intact plant 
Without pheromone 
Intact plant 
With the presence of pheromone 
A set of newly emerged females (less than 72 hours old) were collected a day before the 
experiment and were divided into two groups: the first group was kept as virgin females, and 
the second group was allowed to mate. For the mated group, a virgin female was inserted 
into a glass tube with at least 2 males and these were watched until the mating process was 
completed. After that, both mated and virgin females were kept in the same conditions (18 ± 
1°C, 75 ± 5 % relative humidity, and 16L: 8D photoperiod) until used in the experiment the 
next day. With regards to the untreated plants and plants treated with nepetalactone, the 
same procedures described for Behavioural Experiment 2 in Chapter 3 were followed. 
4.2.2 Behavioural experiment 2, using females fed on water or honey 
solution: 
As mentioned in Chapter 2, all the A. ervi used in experiments were fed on honey solution 
(50%) before using them in the behavioural observations. However, in this experiment we 
investigated if there are any differences in the response of A. ervi females to aphid sex 
pheromones when fed on honey solution or provided with water only. The searching behaviour 
of the same female was compared over two consecutive foraging attempts. Fifteen replicate 
females were tested for each treatment and the experiment design was as follows: 
Treatment First foraging attempt Second foraging attempt 
Honey 
(Females fed on honey) 
Intact plant 
Without pheromone 
Intact plant 
With the presence of pheromone 
Water 
(Females fed on water) 
Intact plant 
Without pheromone 
Intact plant 
With the presence of pheromone 
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For females fed on water and females fed on 50% honey solution, the newly collected 
mummies from broad bean plants were singly isolated in micro tubes (1.5 ml) and divided into 
two groups. While two drops of honey solution were placed on the lid of the micro tubes in 
the first group, two drops of water only were placed on the lid in the second group. After 
making a small hole in all micro tubes for ventilation, all of them were kept in an 
environmental room in the same conditions (18 ± 75 ± 5 % relative humidity, and 16L: 8D 
photoperiod) ready for the experimental sessions throughout the week as adult females 
emerged. For intact and pheromone-treated plants, the same procedures described for 
Behavioural Experiment 2 in Chapter 3 were followed. 
4.2.3 Behavioural experiment 3, using females with high egg-load or low 
egg-load: 
Apart from Behavioural Experiment 1 mentioned above, all A. ervi used in our observations 
were virgin females, which had previously had no contact with aphids or plants before being 
used in the experiments. However, in this experiment we investigated whether females with 
a high or low egg-load show differences in their response to aphid sex pheromones, observed 
over two consecutive foraging attempts. Fifteen replicate females were examined for each 
treatment and the experiment design was as follows: 
Treatment First foraging attempt Second foraging attempt 
High 
(Females v/ith high egg-load ) 
Intact plant 
Without pheromone 
Intact plant 
With the presence of 
pheromone 
Low 
(Females with low egg-load) 
Intact plant 
Without pheromone 
Intact plant 
With the presence of 
pheromone 
To obtain females of A. ervi v/ith either a high egg-load or low egg-load, a set of well-fed 
newly emerged parasitoid females (less than 48 hours old) were collected the morning before 
the experiment session and divided into two groups. The females in the first group were 
introduced individually to three broad bean leaves, cut from an undamaged plant, in Petri 
dishes with 60-80 mixed instars of A. pisum aphids in each dish. The dishes were covered vnth 
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a lid and placed in an environmental room (18 ± 1°C, 75 ± 5 % relative humidity, and 16L: 8D 
photoperiod) so that the females had the opportunity to oviposit in a surplus of available 
hosts before being tested in the 'bioassays the follovflng day. The next day, the females were 
retrieved singly from the Petri dishes and placed into micro tubes (1.5 ml) using a pooter and 
those females were assumed to have a low egg-load (females with multi-oviposition 
experience). Females from the second group were also introduced to similar Petri dishes but 
with 30 mixed instars of A. pisum aphids.in each dish. However, these females were watched 
until the first successful oviposition attempt occurred. Immediately after that, the females 
were retrieved singly to micro tubes (1.5 ml) and kept in the same environmental room under 
the same conditions as the first group of females. This second set of female parasitoids was 
assumed to have a high egg-load (single oviposition experience). It is important here to clarify 
that it was assumed that A. ervi females used in my experiment were different in their egg 
loads. However, the females used were not dissected and the numbers of mature eggs in their 
abdomens were not recorded. Additionally, the mummified aphids have not been checked 
after removing the female parasitoids from the Petri dishes. 
4.3 Results: 
4.3.1 Behavioural experiment 1: 
The results from fitting the linear mixed models (Table 4.1) showed that for the variance 
components there was a large effect of the insect factor for all variables. These values 
correspond to a correlation between observations of the same individual between 0.53 and 
0.65, with the highest value for Prop_Walk. This is an indication that responses among insects 
varied considerably. 
Several factors gave statistically significant results for all the variables. However, the 
factor Treatment showed no statistically significant effects for any of the variables. This 
indicates that across both foraging attempts the behaviours of mated and virgin female A. 
ervi were not significantly different. However, all variables were greater for the virgin 
females (Table 4.2). Analysing the two foraging attempts individually, there were no 
significant differences between mated and virgin females for any of the variables on the first 
foraging attempt; but in the second attempt, larger values were recorded for virgin females. 
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which were statistically significant for the variables sqWalk and Prop_Walk {see Table 4.3). 
This indicates that virgin insects tended to search more than mated insects on the plants 
during the second attempt. When comparing attempts within the same treatment, more 
differences were found between first and second attempts for virgin insects {all response 
variables) than for mated insects {only sqTotal). 
In summary, virgin insects appeared to respond more strongly than mated insects to 
the presence of aphid sex pheromone. 
sqWalk sqTotal Prop_Walk 
VARIANCE COMPONENT Estimate Estimate Estimate 
Ind 36.05 73.55 0.0218 
Residual 27.44 66,10 0.0117 
FACTOR p-value p-value p-value 
Order 0.260 0.281 0.805 
Treatment 0.220 0.543 0.298 
Attempt 0.003 < 0.001 0.537 
Treatment.Attempt 0.002 0.498 0.002 
Comparison of means p-value p-value p-value 
Mated-1 versus Mated-2 0.932 0.029 0.082 
Virsin-1 versus Virsin-2 < 0.001 0.002 0.009 
Mated-1 versus Virgin-1 0.734 0.840 0.734 
Mated-2 versus Virgin-2 < 0,001 0.389 0.026 
Table 4.1 Summary of statistical analysis using mixed linear models for response variables (after 
transformations) of mated and virgin A. en/i females during two consecutive foraging attempts on 
different plants. In the comparison of means, 1= First foraging attempt {intact broad bean plant without 
nepetalactone) and 2= Second foraging attempt (intact broad bean plant with the presence of 
nepetalactone). Mated= mated A. enn females and Virgin= virgin A. ervi females. n= 20. Degrees of 
freedom (denominator) = 37. 
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Treatment T_Walk TotaLtime Prop_Walk 
Mated 
Virgin 
370.56 
534.53 
1645.11 
1880.96 
0.253 
0.330 
Table 4.2 Predicted means of treatments for back-transformed response variables of mated and virgin 
A. ervi females for both foraging attempts combined. 
Treatment Attempt T_Walk TotaLtime Prop_Walk 
Mated 1 374.42 1338.83 0.295 
Virgin 1 329.06 1418.23 0.267 
Mated 2 366.72 1982.92 0.211 
Virgin 2 789.61 2408.85 0.394 
Table 4.3 Predicted means of Treatment and Attempt combination for back-transformed response 
variables of mated and virgin females of A. ervi during two consecutive foraging attempts on different 
broad bean plants. 
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4.3.2 Behavioural experiment 2: 
There were significant differences between well-fed and hungry females for all variables and 
the interaction Treatment. Attempt was significant for both sqWalk and sqTotal (Table 4.4). 
This indicates that across both attempts, well-fed and hungry females showed significant 
differences in foraging behaviour. Foraging behaviour of both honey-fed and water-fed 
females was similar in the first foraging attempt, when nepetalactone was not present (Table 
4.4; Figures 4.1 & 4.2). In contrast, in the second foraging attempt and with the presence of 
nepetalactone, a significant difference in foraging behaviour was noted between honey-fed 
and water-fed females; while the former tended to search more on the second plant than on 
the first plant, the latter spent less time walking and less total time on the second plant than 
on the first plant (Figures 4.1 & 4.2). 
Between the first and second foraging attempts, the well-fed females always showed 
a significant difference for all variables under test {Honey-1 versus Honey-2, Table 4.4) 
indicating a strong response to the pheromone. On the other hand, the water-fed females 
showed no significant response to the pheromone for any of the variables {Water-1 versus 
Water-2, Table 4.4). 
In summary, A. ervi females fed on 50% honey solution responded strongly to the 
presence of aphid sex pheromones whereas A. ervi females fed on water only showed no 
detectable response. 
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sqWalk sqTotal Prop_Walk 
VARIANCE COMPONENT Estimate Estimate Estimate 
Ind 0.00 29.92 0.000 
Residual 44.29 69.35 0.031 
FACTOR p-value p-value p-value 
Order 0.871 0.611 0.762 
Treatment < 0.001 0.024 0.001 
Attempt 0.080 0.700 0.055 
Treatment.Attempt < 0.001 0.002 0.124 
Comparison of means p-value p-value p-value 
Honey-1 versus Honey-2 < 0.001 0.015 0.015 
Water-1 versus Water-2 0.133 0.060 0.791 
Honey-1 versus Water-1 0.648 0.983 0.234 
Honey-2 versus Water-2 < 0.001 < 0.001 < 0.001 
Table 4.4 Summary of statistical analysis using mixed linear models for response variables (after 
transformations) of hungry and well-fed A. ervi females during two consecutive foraging attempts on 
different plants. In the comparison of means, 1= First attempt (intact broad bean plant without 
nepetalactone) and 2= Second attempt (intact broad bean plant with the presence of nepetalactone). 
Honey= A. ervi females fed on 50% honey solution and V\/ater= A. ervi females fed on water only. n= 30. 
Degrees of freedom (denominator) = 56. 
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Figure 4.1 Time spent walking on broad bean plants (n= 30). A. ervi females fed on Honey or on Water 
only and released onto uninfested broad bean plant (First attempt) and then onto a second uninfested 
broad bean plant (Second attempt) in the presence of Nepetalactone (aphid sex pheromone). Error bars 
represent 95% confidence limits of the mean. 
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Figure 4.2 Total time spent on broad bean plants (n= 30). A. ervi females fed on Honey or on Water 
only and released onto uninfested broad bean plant (First attempt) and then onto a second uninfested 
broad bean plant (Second attempt) in the presence of Nepetalactone (aphid sex pheromone). Error bars 
represent 95% confidence limits of the mean. 
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4.3.3 Behavioural experiment 3: 
The results from fitting the linear mixed models showed that several factors gave statistically 
significant results for the different variables under test when the foraging behaviours of A. 
ervi females with high and low egg loads were compared (Table 4.5). The factor Treatment 
showed a statistically significant effect only for Prop_Walk (p= 0.022). For the factor 
Attempt, there was a significant effect for both sqWalk and sqTotal (p< 0.001 and p< 0.001 
respectively). The interaction Treatment.Attempt was significant only for the variable 
sqWalk. 
in the first foraging attempt both females with high egg-loads and females with low 
egg-loads showed similar foraging behaviours (Hish-1 versus Low-1, p= 0.598, p= 0.639 and p= 
0.147 for T_Walk, TotaLtime, Prop_Walk respectively) (Table 4.4; Figures 4.3 & 4.4). 
However, in the second foraging attempt, when the nepetalactone was present, high egg-load 
females showed a significant increase in both time spent walking and total time spent on the 
second plant compared to the first plant (p< 0.001). For the low egg-load females, the 
increase in both time spent walking and total time spent on the second plant was not 
statistically significant (p= 0.141 and p= 0.118 respectively). 
in summary, it seems that females of A.ervi with a high egg-load are more active and 
responsive to the presence of aphid sex pheromones than those with a low egg-load. 
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sqWalk sqTotal Prop_Walk 
VARIANCE COMPONENT Estimate Estimate Estimate 
Ind 47.70 43.49 0.023 
Residual 26.47 41.40 0.024 
FACTOR p-value p-value p-value 
Order 0.663 0.782 0.860 
Treatment 0.078 0.621 0.022 
Attempt < 0.001 < 0.001 0.155 
Treatment. Attempt 0.012 0.077 0.212 
Comparison of means p-value p-value p-value 
Hish-1 versus Hish-2 < 0.001 < 0.001 0.053 
Low-1 versus Low-2 0.141 0.118 0.897 
Hish-1 versus Low-1 0.598 0.639 0.147 
Hish-2 versus Low-2 0.005 0.18 0.006 
Table 4.5 Summary of statistical analysis using mixed linear models for response variables (after 
transformations) of A. ervi females with high and low egg loads during two consecutive foraging 
attempts on different plants. In the comparison of means, 1= First attempt (intact broad bean plant 
without nepetalactone) and 2= Second attempt (intact broad bean plant with the presence of 
nepetalactone). High= A. ervi females with high egg-load and Low= A. enn females with low egg-load. 
n= 30. Degrees of freedom (denominator) = 56. 
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Figure 4.3 Time spent walking on broad bean plants (n= 30). A. ervi females with High egg-load or Low 
egg-load released onto uninfested broad bean plant (First attempt) and then onto a second uninfested 
broad bean plant (Second attempt) in the presence of Nepetalactone (aphid sex pheromone). Error bars 
represent 95% confidence limits of the mean. 
2000 
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Figure 4.4 Total time spent on broad bean plants (n= 30). A. er/i females with High egg-load or Low 
egg-load released onto uninfested broad bean plant (First attempt) and then onto a second uninfested 
broad bean plant (Second attempt) in the presence of Nepetalactone (aphid sex pheromone). Error bars 
represent 95% confidence limits of the mean. 
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4.4 Discussion: 
The results of these three different behavioural experiments have demonstrated that the 
physiological state of the parasitoids is important in determining the variation in behavioural 
responses. 
Comparing the response of virgin and mated female parasitoids to aphid sex 
pheromones- (behavioural experiment 1) showed interesting results as this effect has always 
been controlled in all of the previous behavioural experiments conducted to investigate the 
parasitoids' response to aphid sex pheromones, using either virgin (Glinwood et al. 1999a; 
Glinwood et al. 1999b) or mated females (Glinwood 1998). Discussion of female parasitoid's 
mating status in the previous literature considered different aspects, most of which were 
focused on the effect of mating status in parasitoids on egg-laying, fecundity and 
superparasitism behaviour (Sousa and Spence 2000; Chong and Getting 2006; Darrouzet et al. 
2007). Sousa and Spence (2000) showed in their study of the egg parasitoid Tiphodytes 
gerriphagus (Hymenoptera: Scelionidae), a parasitoid of some water strider species 
(Heteroptera: Gerridae), that mated females tended to probe each egg more often than did 
unmated females, and additionally, both mated and unmated females showed no significant 
difference in their fecundity. On the other hand, Chong and Getting (2006) showed that the 
mated females of the mealybug parasitoid Anagyrus sp. nov. nr. sinope (Hymenoptera: 
Encyrtidae) had a significantly higher life time fecundity than virgin females. In summary, it is 
obvious that a females' mating status is an important factor in several aspects of parasitoid 
biology and behaviour, however does it extend the females' response to foraging cues?. In our 
study, virgin females spent more time searching on the plant than mated females when the 
aphid sex pheromone (nepetalactone) was present in spite of showing similar foraging 
activities when searching on the first plant (v^ '^thout the presence of nepetalactone). 
Conversely, in a study to investigate the effect of mating on the female locomotor activity 
(primarily walking) in the parasitoid Nasonfa vitripennis (Hymenoptera: Pteromalidae), mated 
females were more active than virgin females when tested immediately after mating as well 
as 1, 1.5, and 2 hours after mating (King et al. 2000). Moreover, when mated and virgin 
females were allowed to parasitize a host for 2 hours, the former were still more active than 
the latter. Michaud and Mackauer (1995) showed that mated females of the aphid parasitoid 
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Monoctonus paulensis (Ashmead)(Hymenoptera: Braconidae, Aphidiinae) stayed longer 
searching in host patches (petri dishes with pea aphid A. pisum) and attacked more aphids 
than did their virgin conspecifics. Testing parasitoids from five different aphidiine genera, 
Aphidius smithi, Ephedrus californicus, Monoctonus paulensis, Praon pequodorum and 
Lysiphlebus testaceipes, searching on aphid-infected broad bean shoots, Michaud (1994) 
observed longer patch time residence for mated females of A. smithi, M. paulensis and P. 
pequodorum than for their virgin.counterparts. Additionally, all mated females of all,species, 
except for L. testaceipes, showed greater oviposition activity than their virgin counterparts. 
However none of the experiments conducted by King et al (2000), Michaud and Mackauer 
(1995), and Michaud (1994) included the involvement of an external foraging cue. 
Further investigation is needed to determine whether the increase in the virgin 
parasitoids' walking time with the presence of the aphid sex pheromone is due to the 
pheromone itself or due to the natural drive for mating and looking for males in the 
surrounding environment. However, A. ervi females are arrhenotokous and synovigenic 
(Tremblay 1964; Stary 1970), meaning that they can start to lay eggs without mating after 
emergence as soon as a suitable host is located and mating is needed just for laying fertilized 
eggs that produce females. There is no evidence that aphid parasitoid females actively search 
for males, although it is known that they produce sex pheromones to attract them (Decker et 
aL 1993; McClure eta/ . 2007) 
When the energy state of A. ervi was varied, both well fed and hungry parasitic wasps 
searched on the plants similarly during the first foraging attempt (behavioural experiment 2). 
However, the hungry females tended to spend less time searching on the second plant, when 
the aphid sex pheromone was present, whereas the well-fed females spent significantly 
longer searching the second plant. It may be that the hungry females had exhausted their 
energy reserves when they were searching on the first plant and when they were moved to 
the second one, they had no nutritional reserves to continue foraging activity and gave up 
searching quickly to reduce energy expenditure. The pheromone did not play a role as an 
arrestant provoking the parasitic wasps to search longer when they were hungry, whereas the 
pheromone stimulated the searching behaviour (specially walking activity) of well-fed females 
and kept, them longer on the second plant, possibly in part because they had enough energy 
levels to support such activity. However, hungry females may be primarily searching for food 
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rather than for hosts (Vet et al., 1995), therefore would not respond to the sex pheromone, 
which is a host searching cue. It would be interesting to repeat Behavioural Experiment 2 
allowing hungry and well-fed females of A. ervi to search over two consecutive foraging 
attempts but without the presence of the pheromone on the second plant. 
Some experimental studies have demonstrated the impact of food deprivation on the 
visual and olfactory preferences in parasitoids. In Y-tube and flight chamber experiments, 
food-deprived individuals and sugar-fed individuals of Cotesia rulDecula showed differences in 
their response to both visual and olfactory cues. While the former chose flower odours in the 
Y-tube over host-infested odours and landed more often and spent more time searching on 
yellow targets in the flight chamber, the latter preferred host-infested odours in Y-tube tests 
and showed a higher overall searching activity v/ithout a particular interest in yellow in the 
flight chamber (Wackers 1994). Most studies investigating the effect of the energy state of 
parasitic wasps have shown that the searching behaviour of females is affected by their 
nutritional reserves; hungry females of Glabromicroplitis croceipes search for food by walking 
randomly over the plant surface, applying their mouth parts, when no food-related olfactory 
cues are present (Takasu and Lewis 1995). However, when the latter are present in their 
surrounding environment, they show non-random searching behaviour by flying directly to the 
food-cue sources (Takasu and Lewis 1995). It would be interesting to do further investigations 
by using our experimental design but recording in more detail the time spent on each 
different behaviour performed by the tested females (i.e. walking, grooming, pointing, 
standing still, feeding and attacking), which would allow analysis of the link between the 
searching behaviour, energy state and the response to aphid sex pheromones. 
Similarly, in our study, it seems that the egg load of A. ervi females is as important as 
the energy state. Females vnth a high egg-load responded more strongly to the presence of 
aphid sex pheromones than females with a low egg-load, despite both showing similar 
foraging behaviour when searching the first plant, when the pheromone was not present 
(behavioural experiment 3). Most of the studies that have tried to investigate the effect of 
the egg load of a parasitoid on its oviposition and foraging decisions faced a difficulty related 
to parasitoid experience. In general, most of experiments manipulating egg load cannot be 
performed without changing the parasitoids' experience at the same time. In our experiment 
low egg-load females had more experience with the aphids (multi-oviposition experience) 
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than high egg-load females (single-oviposition experience). However, as mentioned previously 
(see Chapter 3), the response of A. ervi to aphid sex pheromone is not affected by post-adult 
experience as both naiVe females and females with oviposition experience responded 
positively to aphid sex pherpmones (Glinwood et al. 1999a). Consequently, it is assumed that 
most of the differences in A. ervi response to aphid sex pheromone shown in behavioural 
experiment 3 were attributed to egg-load effect more that to experience. The searching 
activityof parasitoids is known to be influenced by different egg loads. For example, Aphytis 
lingnanesis, a gregarious ectoparasitoid of armoured scale insects (Homoptera: Diaspididae), 
needed more time to discover hosts within a foraging arena when they had smaller egg loads 
(Rosenheim and Rosen 1991). However, the egg load of the parasitoid Itoplectis naranyae 
(Hymenoptera: Ichneumonidae) had no effect on the time spent to find a host regardless of 
previous host experience, instead, the size of the wasp had a more pronounced effect on host 
finding when wasps had no prior host experience (Ueno and Ueno 2005). Moreover, for other 
parasitoid species, females with high egg load were more eager to search intensively for hosts 
than conspecifics but v/ith low egg load (Minkenberg et al. 1992; Hughes et al. 1994). 
Finally, it is difficult to determine the link between egg load and its effect on the 
variation in response to foraging cues because the egg load itself is a dynamic factor 
influenced by a combined effect of egg maturation, oviposition and egg resorption, especially 
in synovigenic parasitoids such as A. enn. 
It would be interesting in the future to conduct more accurate experiments in 
relation to the effect of different egg loads on the response of A. ervi to aphid sex 
pheromones by dissecting the tested females and recording the exact number of mature eggs 
in their ovaries. 
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Chapter 5 First and second trophic levels and their effect on 
Aphidius ervi response to aphid sex pheromones 
5.1 Introduction: 
Plant-insect herbivore-natural enemy interactions are still one: of the most important areas 
studied in insect behaviour research, v/here the chemical, behavioural, spatial and temporal 
factors controlling these interactions within this tritrophic system are fundamentally 
investigated (Poppy 1997; De Moraes and Mescher 1999; Micha et al. 2000; Arimura et al. 
2001; Walker and Jones 2001; Hoover and Newman 2004; Tumlinson 2006). Particularly, there 
has been a significant focus on the role played by semiochemical interactions across trophic 
levels (Mattiacci et al. 2000; Ode 2006). 
Searching behaviour of a female parasitoid is highly affected by its host insect, the 
second trophic level, as well as by the plant on which that host insect feeds, the first trophic 
level (Price et al. 1980; Vet and Dicke 1992). Foraging female parasitoids must cope with a 
complicated and variable chemical environment as both plants and herbivores produce 
volatiles that attract the parasitiod closer and aid the location of a suitable host (Vet et al. 
1990b). From long distance, foraging females rely on cues from the habitat where the host 
lives, which are easy to detect because of their abundance. However, those cues are less 
reliable because the host presence is not guaranteed in this case (Vet and Dicke 1992). Once 
the suitable host plant is approached, the female parasitoid uses more reliable cues such as 
host-derived stimuli to locate its host, but these cues are less detectable. The low 
detectability of the information released by the second trophic level is due to two reasons. 
Firstly, herbivores are very small components of a complex environment; consequently, 
infochemicals produced by herbivores are in relatively minute amounts (Masson and 
Mustaparta 1990). Secondly, insect herbivores have evolved to be inconspicuous and so limit 
the supply of chemical information that could lead to their detection (Vet et al. 1991; 
Godfray 1994). 
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Finding suitable aphid hosts is also influenced by the cues encountered before and upon a 
female parasitoid's emergence from the mummy (Poppy et al. 1997b). Behavioural 
conditioning in aphid parasitoids is still an unclear factor in determining the parasitoids' 
foraging behaviour, although its effect on host preference has been demonstrated 
(Wickremasinghe and van Emden 1992). Females of Aphidiinae show a preference for the host 
in which they have developed (Pungerl 1984; Powell and Wright 1988) and for the plant 
species, or even cultivar, on which their host aphid has been reared (Wickremasinghe and van 
Emden 1992; van Emden 1996). 
However, the behavioural response to aphid sex pheromones is believed to be innate, 
using the term to mean unlearned (Poppy et al. 1997b), and so is not expected to be modified 
by the chemical environment experienced by the parasitoid during its development 
(conditioning factors), but not enough experimental evidence is available to confirm or deny 
the influence of conditioning in determining this response. 
The aims of the work presented in this chapter were to investigate the effect of 
nepetalactone on the searching behaviour of A. ervi v/ithin different tritrophic systems, in 
order to determine whether the host aphid and/or the host plant influence the parasitoid's 
response to aphid sex pheromones. 
5.2 Materials and Methods: 
5.2.1 Tritrophic systems under study: 
For the behavioural experiments conducted in this chapter, two new tritrophic systems were 
established as follows: 
1) Stinging nettle (Urtica dioica) + Nettle aphid {Microlophium carnosum) + A. ervi. 
2) Pea {Pisum sativum) + Pea aphid {Aq/rthosiphon pisum) + A. ervi. 
In addition, the original tritrophic system consisting of broad bean {V. faba) + the pea 
aphid (A. pisum) + A. ervi was used as a comparison with each of the new systems above. In 
the first new system both the first and second trophic levels differed from the original 
tritrophic system, while in the second only the first trophic level differed. 
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Plant production: 
The nettle and pea plants used for insect rearing were grown in a greenhouse at a 
temperature between 18°C and 26°C under a 16:8 (L:D) regime, potted in 13 cm diameter 
plastic pots. 
For use in the behavioural experiments, single nettle or pea plants were potted in 8 
cm diameter plastic pots and kept in a greenhouse in the same conditions mentioned above. 
All the plants were used in the experiments when they had four fully developed-leaves, so all 
the model plants were of the same age. 
Apiiid and parasitoid rearing: 
The nettle aphid cultures were started v/ith individuals obtained from stock cultures 
maintained by M. Torrance in the Rothamsted Insectary, originally collected in 2003 from wild 
nettle on Rothamsted Farm. 
With regard to the parasitoids, A. ervi mummies of the pea aphid were collected from 
broad bean plants and placed in a rearing cage vnth 6 nettle plants infested with mixed 
instars of M. carnosum to establish the first generation in the first new system. After that, 
the mummies formed on the nettle plants were collected and used to establish the next 
generation, using nettle plants. The new cultures were kept for more than 6 parasitoid 
generations (nearly three months) in order to condition the parasitoids to the new host plant 
(nettle) and the new host aphid (nettle aphid), before using any females in behavioural 
experiments. 
To establish the second new tritrophic system, P. sativum plants were infested with 
pea aphids collected from a stock culture maintained on broad bean by M. Torrance in the 
Rothamsted insectary, originally established from aphid populations collected on Rothamsted 
Farm in 2002, mainly from pea plants. The first generation of pea aphids reared on pea plants 
was used to establish the parasitoid cultures. Six newly potted pea plants, cv. Felthan First, 
infested with a mixed-aged population of pea aphids, were placed into a cage with 80-100 
mummies of A. ervi collected from broad bean cultures. The new culture was kept for more 
than six parasitoid generations to provide both pea aphids and A. ervi conditioned to pea 
plants (new host plant) before conducting any behavioural experiments vnth this system. 
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Because A.ervi needs approximately 14 days to finish its life cycle, two culture cages of each 
tritrophic system were maintained to ensure continuous supply of mummies. 
All the general methods and procedures described in Chapter 2 were followed for the 
behavioural experiments described in this chapter. 
5.2.2 Behavioural experiment 1, using nettle plants and nettle aphids: 
The aim of this experiment was to investigate whether the change of chemical information 
sources originating from both the first and second trophic levels affected the response of A. 
ervi to aphid sex pheromones whilst foraging on the plant. The foraging behaviour of A. ervi 
females from the original (broad bean/pea aphid) and new (nettle plant/nettle aphid) 
tritrophic systems were compared over two consecutive foraging attempts, firstly with and 
then v/ithout the presence of aphid sex pheromones. 
Experimental design: 
The experimental design was as follows: 
1) A. ervi N* (females of A. ervi reared on nettle aphids on Nettle plants): 
Treatment First Attempt Second Attempt 
Treatment N* N/B Nettle plant Broad bean plant + 
Nepetalactone 
Treatment N* B/B Broad bean plant Broad bean Plant + 
Nepetalactone 
Treatment N* N/N Nettle plant Nettle plant + 
Nepetalactone 
2) A. ervi B* (females of A. erv7 reared on pea aphids on Broad bean plants): 
Treatment First Attempt Second Attempt 
Treatment B* B/N Broad bean plant Nettle plant + 
Nepetalactone 
Treatment B* N/N Nettle plant Nettle Plant + 
Nepetalactone 
Treatment B* B/B Broad bean plant Broad bean plant + 
Nepetalactone 
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Replication: 
Due to the difficulty of conducting one replicate of each of the 6 different treatments per 
experimental session, the experiment was divided into two sub-experiments (N* and B*), 
according to the week. For example, when N* treatments were performed in the first week, 
B* treatments were conducted in the second week. Additionally, the sequence of replicates of 
each treatment was alternated within each day and week. Nine replicate females were tested 
for each sub-experiment (N* and B*) (Table 5.1). Apart from these alterations in the 
replication in this experiment shown in the table below, all the procedures for the replication 
mentioned in chapter 2 were followed in the experiments reported in this chapter. 
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week Sub-experiment Day Morning Afternoon Afternoon 
1 N/B B/B N/N 
Week1 N* 2 B/B N/N N/B 
3 N/N N/B B/B 
1 B/N N/N B/B 
Week 2 B* 2 N/N B/B B/N 
3 B/B B/N N/N 
1 B/B N/N N/B 
Weeks N* 2 N/N N/B B/B 
3 N/B B/B N/N 
1 N/N B/B B/N 
Week 4 B* 2 B/B B/N N/N 
3 B/N N/N B/B 
1 N/N N/B B/B 
Week 5 N* 2 N/B B/B N/N 
3 B/B N/N N/B 
1 B/B B/N N/N 
Week 6 B* 2 B/N N/N B/B 
3 N/N B/B B/N 
Table 5.1 Replication system of Behavioural Experiment 1. N*: A. ervi females reared on nettle aphids 
on nettle plants, B*: A. ervi females reared on pea aphids on broad bean plants. N= Nettle plant and B= 
Broad bean plant. The (/) between plants refers to first foraging attempt and second foraging attempt. 
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5.2.3 Behavioural experiment 2, using pea plants and pea aphids: 
The aim of this behavioural experiment was to see whether rearing A.ervi parasitoids on 
closely- related plant species (Peas and broad beans), when the same aphid host is used (pea 
aphids), would affect their response to aphid sex pheromones. As in experiment 1, the 
foraging behaviour of A. ervi females from the original (broad bean/pea aphid) and new (pea 
plant/pea aphid) tritrophic systems were compared over two consecutive foraging attempts, 
firstly with and then v^thout the presence of aphid sex pheromones.. 
Experimental design: 
The design of this experiment is detailed in the tables below. 
1) A. ervi P* (females of A. ervi reared on pea aphids on Pea plants): 
Treatment First Attempt Second Attempt 
Treatment P* P/B Pea plant Broad bean plant + 
Nepetalactone 
Treatment P* B/B Broad bean plant Broad bean Plant + 
Nepetalactone 
Treatment P* P/P Pea plant Pea plant + 
Nepetalactone 
2) A. ervi B* (females of A. erW reared on pea aphids on Broad bean plants): 
Treatment First Attempt Second Attempt 
Treatment B* B/P Broad bean plant Pea plant + 
Nepetalactone 
Treatment B* P/P Pea plant Pea Plant + 
Nepetalactone 
Treatment B* B/B Broad bean plant Broad bean plant + 
Nepetalactone 
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Replication: 
As for experiment 1, this experiment was divided into two sub-experiments (P* and B*), 
according to the week. Nine replicates were tested for each treatment. Table 5.2 shows the 
replication system: 
week Sub-experiment Day Morning Afternoon Afternoon 
1 P/B B/B P/P 
Week1 P* 2 B/B P/P P/B 
S P/P P/B B/B 
1 B/P P/P B/B 
Week 2 B* 2 P/P B/B B/P 
S B/B B/P P/P 
1 P/B B/B P/P 
Weeks P* 2 B/B P/P P/B 
S P/P P/B B/B 
1 P/P B/B B/P 
Week 4 B* 2 B/B B/P P/P 
S B/P P/P B/B 
1 P/B B/B P/P 
Weeks P* 2 B/B P/P P/B 
S P/P P/B B/B 
1 B/B B/P P/P 
Week 6 B* 2 B/P P/P B/B 
S P/P B/B B/P 
Table 5.2 Replication system of Behavioural Experiment 2. P*: A. ervi females reared on pea aphids on 
pea plants, B*: A. ervi females reared on pea aphids on broad bean plants. P= pea plant and B= Broad 
bean plant. The (/) between plants refers to first foraging attempt and second foraging attempt. 
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5.2.4 Statistical analysis for behavioural experiments 1 and 2: 
For all observations within a given experiment, both measurements (first and second foraging 
attempts) were used in a single analysis. The response variables used were the same as 
mentioned in Chapter 2: total time spent walking (T_Walk), total time spent on the plant 
(TotaLtime) and proportion of time spent walking whilst on the plant (Prop_Walk), and they 
were subjected to several transformations to approximate normality of residuals (see 
Appendix C). The following were used: 1) logarithmic transformation of base e for T_Walk 
(logWalk); 2) square root transformation for TotaLtime (sqTotal); and 3) logit transformation 
for Prop_Walk (logitProp). 
Because of dividing the experiment into two sub-experiments, and the existence of repeated 
measures vWthin the same individuals (first and second attempt), the analysis of variance for 
all responses was conducted using linear mixed models (REML) as implemented in GenStat 8.0 
(Payne et al. 2005). The fitted models are: 
yijkim = P + Order i + Treatment j + Attempt k + Treatment. Attempt jk + Week i + 
Ind m + e ijkim 
Where: 
yyw : measurement for an individual insect. 
Order j : fixed effect of order of treatment which includes the time in which 
different treatments were conducted (morning or afternoon) and the room in which a 
replicate was conducted (room 1 or room 2). 
Treatment j : fixed effect of treatment. For example (B* B/N, B* N/N, B* B/B, N* 
N/B, N* B/B and N* N/N). 
Attempt k : fixed effect of attempt measurement (first, second). 
Treatment.Attempt jk : fixed interaction effect of treatment and attempt. 
Week I : random effect of week. 
Ind m : random effect of insect. 
e ijktm : residual. 
Where required, individual residual components were estimated for each of the sub-
experiments to represent different variability among them. The above model compared all 6 
treatments together and dealt with both of the sub-experiments (N* and B* or P* and B*) as a 
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whole set. In addition, treatment effects were partitioned to evaluate differences between 
them within a given sub-experiment. For example, treatments v/ithin N*, compare only N* 
N/B, N* B/B and N* N/N. In a similar way. Treatment. Attempt interactions were evaluated. 
Finally, selected comparisons among treatment means were performed using a t-test. 
For the behavioural experiment 2, the same models were used v^th exchanging N* with P*. 
5.3 Results: 
5.3.1 Behavioural experiment 1: 
The results from fitting the linear mixed models (Table 5.3) revealed several statistically 
significant effects for the variables logWalk and sqTotal, including Treatment, interaction 
between Treatment and Attempt and interaction between Sub-experiment and Attempt. The 
effect of the factor Attempt was consistently significant for the three variables under study, 
which shows the effect of the pheromone on the parasitoids' behaviour whilst searching the 
plants. Apart from being significant for the factor Attempt, logitProp had no other significant 
differences. For this reason, no selected comparisons among treatments were performed for 
this variable. 
Total time spent searching on the plants: 
A. ervi N* showed a similar pattern in their searching behaviour in all three treatments 
(Figure 5.1). There was an increase in the total time spent on the plant when nepetalactone 
was present (second attempt) even when they were searching on broad bean plants, not the 
plant on which they were reared. However, the increase in time spent on the second plant 
was not statistically significant when moving from nettle (first attempt) to search on broad 
bean (N/B, p= 0.131). In the first foraging attempt, when the aphid sex pheromone was not 
present, there was no significant difference between the two host plant species in the total 
time spent on the plant by A. ervi N* (N* B/B-1 versus N* N/B-1 and N* B/B-1 versus N* N/N-1, 
p= 0.352 and p= 0.115 respectively) (Figure 5.1 & Table 5.3). In contrast, when the sex 
pheromone was present (second attempt) the parasitoids spent significantly longer on nettle 
plants than on broad bean plants (N* B/B-2 versus N* N/N-2 and N* N/B-2 versus N* N/N-2; p= 
0.002 and p= < 0.001 respectively) (Figure 5.1 & Table 5.3). The absence of any statistically 
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significant differences in the searching patterns in the first attempt could be an important 
indicator that changes in the searching behaviour in the second attempt are due to the 
pheromone presence. 
In the case of A. ervi B* (Figure 5.2), a different pattern of foraging v/as recorded. 
The total time spent on the plant increased significantly (p= 0.05) when the sex pheromone 
was present (i.e. between the first and second attempts) only when A. ervi moved between 
two broad bean plants, the host plant on which they had been reared. In the first foraging 
attempt A. ervi B* spent less time on nettle plants than on broad bean plants, although this 
was only statistically significant for B* N/N-1 versus B* B/N-1; p= 0.042 (Figure 5.2 a Table 
5.3). As in the case of A. erw N*, A. erw B* females spent significantly longer on the plant on 
which they had been reared (broad bean) than on the alternative host plant when the aphid 
sex pheromone was present (B* N/N-2 versus B* B/B-2 and B* B/N-2 versus B* B/B-2; p= 0.044 
and p= 0.008 respectively) (Figure 5.2 a Table 5.3), suggesting that host preference can 
influence the response to the pheromone. 
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VARIANCE COMPONENT Estimate Estimate Estimate 
Week 0.060 2.630 0.035 
Ind 0.204 22.37 0.447 
Residual B* 0.536 80.05 0.413** 
Residual N* 0.201 22.58 0.413** 
FACTOR p-value p-value p-value 
Order 0.797 0.434 0.385 
Treatment < 0.001 < 0.001 0.840 
Sub-experiment (B* versus N*) 0.567 0.485 0.569 
Treatments v/ithin B* < 0.001 < 0.001 0.885 
Treatments within N* 0.006 0.013 0.473 
Attempt < 0.001 < 0.001 0.018 
Treatment.Attempt < 0.001 0.002 0.171 
Sub-experiment.Attempt 0.029 0.012 0.603 
Treatment.Attempt within 6* 0.053 0.112 0.225 
Treatment.Attempt within N* 0.101 0.018 0.103 
Comparison of means p-value p-value p-value 
N* B/B-2 versus N" N/N-2 < 0.001 0,002 -
N* N/B-2 versus N* N/N-2 0.006 < 0.001 -
B* N/N-2 versus B* B/B-2 < 0.001 0.044 -
B* B/N-2 versus B* B/B-2 0.004 0.008 -
N* B/B-1 versus N* N/B-1 0.829 0.352 -
N* B/B-1 versus N* N/N-1 0.145 0.115 -
B* N/N-1 versus B* B/N-1 0.062 0.042 -
B* B/B-1 versus B* N/N-1 0.049 0.076 -
Table 5.3 Summary of statistical analyses using mixed linear models for the response variables (after 
transformations) of A. erW females reared on either nettle aphids on nettle plants (N*) or pea aphids on 
broad bean plants (fi*) during two consecutive foraging attempts. In the comparison of means, 1= First 
foraging attempt and 2= Second foraging attempt. N= Nettle plant; B= Broad bean plant. 
**: No significant differences were found between experiments B* and N*. 
101 
Chapter 5 Trophic levels 
c 
m 
Q . 
o 
5 
c 
a. 
1/1 
I 
N* N/N N* N/B N* B/B 
Figure 5.1: A. ervi reared on Nettle (N*) (n= 9). Total time spent on nettle (N) and broad bean (B) 
plants without aphids present. Nepetalactone (aphid sex pheromone) was present only when searching 
on the second plant. Error bars represent 95% confidence limits of the mean. 
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Figure 5.2: A. ervi reared on Broad Bean (B*) (n=9). Total time spent on broad bean (B) and nettle (N) 
plants without aphids present. Nepetalactone (aphid sex pheromone) was present only when searching 
on the second plant. Error bars represent 95% confidence limits of the mean. 
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Time spent walking on the plant: 
With regards to time spent walking whilst on the plant, the same pattern of behaviour occurs 
as for total time spent on the plant (Figures 5.3 & 5.3). A. ervi N* showed a significant 
increase in activity when on the second plant (i.e. when the pheromone was present) 
compared with the first plant (pheromone absent) over all treatments. In the first foraging 
attempt, A. ervi N* did not exhibit a significant difference in walking time when searching on 
nettles or broad beans (N* B/B-1 versus N* N/B-1 and N* B/B-1 versus N* N/N-1, p= 0.829 and 
p= 0.145 respectively), as was the case for total time on the plant (Figure 5.3 &Table 5.3). In 
the second foraging attempt significantly more time was spent walking on nettle plants than 
on broad bean plants in the presence of the aphid sex pheromone (N* B/B-2 versus N* N/N-2 
and N* N/B-2 versus N* N/N-2; p= < 0.001 and p= 0.006 respectively) (Figure 5.3 & Table 5.3). 
In contrast, A. ervi B* showed a significant increase in activity on the second plant 
compared with the first only when the second foraging attempt was on the plant on which 
they had been reared (broad bean) (Figure 5.4). Also, in the first foraging attempt, when 
searching in the absence of the pheromone, the female parasitoids spent more time walking 
on nettle, although this was only statistically significant for B* B/B-1 versus B* N/N-1 (p= 
0.048) (Figure 5.4 & Table 5.3) which suggests that the host preference (the plant on which 
they reared) may interfere with their response to the pheromone in the second attempt. In 
the second foraging attempt, as in the case of A. ervi N*, significantly more time was spent 
walking on the plant on which the parasitoids had been reared, (broad bean) than on the 
alternative plant (6* N/N-2 versus B* B/B-2 and B* B/N-2 versus B* B/B-2; p= < 0.001 and p= 
0.004 respectively (Figure 5.4 & Table 5.3). 
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Figure 5.3: A. ervi reared on Nettle (N*) (n=9). Mean time spent walking on nettle (N) and broad bean 
(B) plants without aphids present. Nepetalactone (aphid sex pheromone) was present only when 
searching on the second plant. Error bars represent 95% confidence limits of the mean. 
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Figure 5.4: A. ervi reared on Broad Bean (B*). Mean time spent walking on broad bean (B) and nettle 
(N) plants without aphids present. Nepetalactone (aphid sex pheromone) was present only when 
searching on the second plant. Error bars represent 95% confidence limits of the mean. 
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5.3.2 Behavioural experiment 2: 
When the response of A. ervi to nepetalactone was tested on closely-related plant species 
(Broad bean and Pea), the results revealed several statistically significant effects for the 
variables logWalk, sqTotal and logitProp (Table 5.4). The effect of the factor Attempt was 
significant for both logWalk and logitProp but not for sqTotal. Treatments within P* were 
consistently significant for all variables. Neither Treatments v/ithin B* nor Treatment. 
Attempt within B* revealed statistically significant effects for any of the variables under 
study. On the other hand, Treatment.Attempt within P* was significant for the variables 
logWalk and sqTotal but not for logitProp. 
Total Time spent searching on the plant: 
For A. ervi P* (reared on Pea), there was no significant increase in the total time spent 
searching the plant when the aphid sex pheromone was present for any of the three 
treatments (Figure 5.5). 
in the first foraging attempt, when the pheromone was not present, there were no 
significant differences when searching on different host plants (P* B/B-1 versus P* P/B-1 and 
P* B/B-1 versus P* P/P-1, p= 0.352 and p= 0.195 respectively) (Figure 5.5 & Table 5.4). 
Similarly, there were no significant differences in total time spent on the plant between pea 
and broad bean plants in the second foraging attempt, in the presence of the pheromone (P* 
B/B-2 versus P* P/P-2 and P* P/B-2 versus P* P/P-2; p= 0.069 and p= 0.856 respectively) 
(Figure 5.5 and Table 5.4). 
With regards to A. ervi B*, again there was no statistically significant increase in total 
time on the plant when the pheromone was present, not even when both plants were broad 
beans, the plant on which the parasitoids had been reared (Figure 5.6). In this latter case, 
the presence of the pheromone was expected to increase foraging time on the basis of 
previous results and this effect appeared to be present even though it was not statistically 
significant (p= 0.074) (Figure 5.5). Nevertheless, in the second attempt (pheromone present) 
the parasitoids spent significantly longer on broad bean plants than on pea plants (B*P/P-2 
versus B* B/B-2 and B* B/P-2 versus B* B/B-2; p= < 0.001 and p= 0.005 respectively) (Figure 
5.6 and Table 5.4). However, they also spent longer on broad bean than on pea plants in the 
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first attempt in the absence of the pheromone (B* P/P-1 versus B* B/P-1 and 6* 6/B-7 versus 
B* P/P-1; p= 0.001 and p= 0.003 respectively) (Figure 5.6 and Table 5.4). 
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logWalk sqTotal logitProp 
VARIANCE COMPONENT Estimate Estimate Estimate 
Week 0.0379 0.00 0.0322 
Ind 0.0752 10.92 0.2445 
Residual 0.471 80.07 0.606 
FACTOR p-value p-value p-value 
Order 0.745 0.333 0.864 
Treatment < 0.001 0.065 0.085 
Sub-experiment (B* versus P*) 0.165 0.165 0.823 
Treatments within B* 0.074 0.610 0.778 
Treatments within P* < 0.001 0.024 0.010 
Attempt < 0.001 0.510 < 0.001 
Treatment.Attempt 0.023 0.080 0.426 
Sub-experiment.Attempt 0.045 0.242 0.532 
Treatment.Attempt within B* 0.722 0.403 0.108 
Treatment.Attempt within P' 0.015 0.036 0.965 
Comparison of means p-value p-value p-value 
P* B/B-2 versus P* P/P-2 0.749 0.069 -
P* P/B-2 versus P* P/P-2 0.360 0.856 -
B* P/P-2 versus B* B/B-2 0.002 < 0.001 -
B* B/P-2 versus B* B/B-2 0.003 0.005 -
P* B/B-1 versus P*P/B-1 0.234 0.352 -
P* B/B-1 versus P* P/P-1 0.246 0.195 -
B* P/P-1 versus B* B/P-1 0.229 0.001 -
B* B/B-1 versus B* P/P-1 0.380 0.003 -
Table 5.4 Summary of statistical analyses using mixed linear models for the response variables (after 
transformations) of A. ervi females reared on pea aphids on either pea plants (P*) or broad bean plants 
(fi*) during two consecutive foraging attempts. In the comparison of means, 1= First foraging attempt 
and 2= Second foraging attempt, P= Pea plant; 6= Broad bean plant. 
107 
Chapter 5 Trophic levels 
600 
p. P* P/B P* B/B 
Figure 5.7: A. ervi reared on Pea (P*) (n=9). Mean time spent walking on pea (P) and broad bean (B) 
plants without aphids present. Nepetalactone (aphid sex pheromone) was present only when searching 
on the second plant. Error bars represent 95% confidence limits of the mean. 
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Figure 5.8: A. ervi reared on Broad Bean (B*). Mean time spent walking on broad bean (B) and Pea (P) 
plants without aphids present. Nepetalactone (aphid sex pheromone) was present only when searching 
on the second plant. Error bars represent 95% confidence limits of the mean. 
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P* P/P P* P/B P* B/B 
Figure 5.5: A. ervi reared on Pea (P*) {n=9). Total time spent on Pea (P) and broad bean (B) plants 
without aphids present. Nepetalactone (aphid sex pheromone was present only when searching on the 
second plant. Error bars represent 95% confidence limits of the mean. 
B* B/B B* B/P B* P/P 
Figure 5.6: A. ervi reared on Broad Bean (B*) (n=9). Total time spent on broad bean (B) and pea (P) 
plants without aphids present. Nepetalactone (aphid sex pheromone) was present only when searching 
on the second plant. Error bars represent 95% confidence limits of the mean. 
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Time spent walking on the plant: 
The results for time spent walking whilst on the plant show a more clear effect of 
nepetalactone on A. ervi females when searching on different host plants. 
For A. ervi P*, nepetalactone significantly increased the time walking on the second 
plant even when searching on a plant on which they have not been reared (Broad bean in this 
case). The effect was statistically significant for both treatments P* P/P and P* P/B, (p= 0.018 
and p= 0.004 respectively) although it was not statistically significant for treatment P* B/B, 
(p= 0.072) (Figure 5.7). There were no statistically significant differences in time spent 
walking between the two plant spedes in either the first attempt (P* B/B-1 versus P* P/B-1 
and P* B/B-1 versus P* P/P-1; p= 0.234 and p= 0.246 respectively) or the second attempt (P* 
B/B-2 versus P* P/P-2 and P* P/B-2 versus P* P/P-2; p= 0.749 and p= 0.360 respectively) 
(Figure 5.7 a Table 5.4) 
With A. ervi reared on Broad bean, A. ervi B*, the effect of the presence of 
nepetalactone on the walking time on the second attempt was less dramatic (Figure 5.8). A. 
ervi B* showed a significant increase in activity in the presence of the pheromone only when 
both the first and second plants were broad beans (B* B/B, p= 0.006). In the first attempt 
(pheromone absent) there was no significant difference in time spent walking between the 
two plant spedes (6* P/P-1 versus B* B/P-1 and B* B/B-1 versus B* P/P-1; p= 0.229 and 0.380 
respectively, but when the pheromone was present (second attempt) the parasitoids spent 
significantly longer walking on broad bean plants, on which they had been reared, than on 
pea plants (6* P/P-2 versus B* B/B-2 and B* B/P-2 versus B* B/B-2; p= 0.002 and p= 0.003 
respectively) (Figure 5.8 & Table 5.4): 
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5.4 Discussion: 
A. ervi females showed a variation in their responses to nepetalactone depending upon which 
host they were reared on. Changing both the host plant and the host aphid spedes, by movins 
A. ervi from pea aphids on broad beans to nettle aphids on stinging nettle (behavioural 
experiment 1), gave interesting results that support the results of previous studies showing 
the inconsistency of parasitoid behaviour when transferred between different host aphids, 
(Cameron et al. 1984; Pungeri 1984). 
In the first foraging attempt, when the aphid sex pheromone was not present, A. ervi 
reared on nettles {A. ervi N*) and A. ervi reared on broad beans {A. ervi B*) were searching 
on undamaged nettle or broad bean plants and no significant differences were detected in 
their foraging activity. In some studied tritrophic systems, intact plants could not be an 
effective attractant for entomophagous beneficials (Francis et al. 2004). Diaeretiella rapae, a 
parasitoid of cabbage aphid, was not attracted by uninfested Brasicaceae leaves (Reed et al. 
1995). On the other hand, despite being a vague and unreliable source of information, 
undamaged plants are an important source of foraging cues in other tritrophic systems, 
involving aphid parasitoids (Read et al. 1970; Wickremasinghe and van Emden 1992; Lo Pinto 
et al. 2004) and parasitoids of lepidopteran caterpillars (Gohole et al. 2003; Ohara et al. 
2003). However, it has also been demonstrated that some aphid parasitoids show distinct 
foraging preferences based on plant cues (Wickremasinghe and van Emden 1992; Storeck et 
al. 2000). A. ervi responded positively to the odour of the plant from which they had been 
collected as aphid mummies, whilst the cereal aphid parasitoid A. rhopalosiphi could 
discriminate between different cultivated varieties of wheat, preferring the variety of wheat 
on which their development had occurred (Wickremasinghe and van Emden 1992). Moreover, 
the disappearance of that preference when A. rhopalosiphi pupae were dissected out of their 
mummies before emergence, suggested that the female parasitoids were obtaining chemical 
information from the skin of the dead host (mummy case) (van Emden et al. 1996; van Emden 
et al. 2002), and this was supported in other studies using Aphidius colemani (Storeck et al. 
2000). It is essential to point out here that these earlier studies done by van Emden et al 
1996, 2002 and Storeck et al 2000 have investigated the foraging preference to a specific host 
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plant measuring a different behavioural trait. While they were looking at the different 
responses to odours in olfactometers, I was measuring the searching behaviour on the plant. 
Interestingly, in our study, this expected host preference, from these earlier studies 
mentioned above, towards the plant on which A. ervi had been reared was not obvious until 
the pheromone was present in the second foraging attempt. While A. ervi N* responded to 
the aphid pheromone when searching on both broad beans and nettle, A. ervi B* responded 
only when searching on broad bean, the plant on which they had developed. It could be that 
in the earlier studies with A. ervi the differences in response between parasitoids from two 
different hosts resulted from the parasitoid cultures being established from two genetically 
different populations or sub-populations, each associated v^th a particular aphid host (nettle 
and pea aphids); those originating from nettle aphids in the wild now being regarded as a 
separate species, Aphidius microlophii (Pennacchio and Tremblay 1987). However, looking at 
the establishment of our cultures may give us a clearer explanation for the reasons behind 
those behavioural differences. The A. ervi N*culture was started using A. ervi females 
obtained from pea aphid mummies collected from broad bean plants and then conditioned for 
six parasitoid generations on nettle plants, rather than from wild nettle aphids. This process 
could have its impact on their searching behaviour on both broad beans and nettles. It seems 
that A. ervi N* kept their ability to respond to broad bean plants, the host plant from which 
they had originated, and additionally, to recognize the nettle, the plant to which they had 
been conditioned. For the A. ervi B* culture, originally, it was established from A. ervi reared 
for many generations on broad bean and had had no previous contact with nettle plants. In 
laboratory trials investigating the effects of transferring parasitoids between different host 
aphids, A. ervi reared on A. pisum would not attack the nettle aphid, M. carnosum, and 
produced few mummies when switched to S. avenae (Cameron et al. 1984). By contrast, A. 
ervi cultured on nettle aphid M. carnosum produced as many mummies on pea aphid A. pisum 
as they did on their original host (nettle aphid) (Powell and Wright 1988). It would be 
interesting to repeat experiment 1 using parasitoids originally collected from nettle aphids 
(i.e. A. microlophii) and reared for six generations on pea aphids on broad bean to see if the 
pattern of responses to the presence of nepetalactone was the same as that recorded for A. 
ervi transferred to nettle aphids. Interestingly, in bioassays investigating- the flight response 
to aphid sex pheromones of Praon myzophagum reared on two different host aphids, wasps 
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reared on pea aphid A. pisum responded only to 1:1 ratio of pheromone components 
(nepetalactone: nepetalactol), which is the ratio present in the pheromone produced by pea 
aphid oviparae, whilst wasps reared on Myzus persicae responded to both a 1:1 ratio as well 
as a 1:2 ratio, which is the ratio present in the pheromone produced by Al. persicae (Glinwood 
1998). 
One of the main determinants of parasitoid responses to particular cues is likely to be 
parasitoid host range (Vet and Dicke 1992), which could be a minor factor contributing to the 
variation in the parasitoids' responses to the aphid sex pheromone in our experiments. During 
their evolutionary history, species such D. rapae and A. ervi have expanded their host range 
from a single, original aphid host (the population diversity centre) to one or two alternative 
aphid hosts forming what is called the population diversity web (Nemec and Stary 1984a). 
This expansion in host range could be as a result of intraspecific competition (Tremblay and 
Pennacchio 1988). In a study that used A. ervi parasitising A. pisum, S. avenae and Ai. 
carnosum to assess their genetic variability by measuring allozyme variability on 
electrophoretic gels, samples collected from A. pisum had the greatest genetic diversity, and 
thus, this population was considered the population diversity centre (Nemec and Stary 
1984b). In our study, A. ervi B* could be regarded as the population diversity centre and so A. 
ervi N* would be equivalent to a host in the population diversity web. However, the 
relevance of this hypothesis to our behavioural experiment may be questionable as laboratory 
populations show low genetic variation in general. 
Changes in behavioural responses originating from olfactory experiences may occur at 
different stages of the insect life and could influence its searching habits for food, mates and 
oviposition sites (Wcislo 1987; Vet and Groenewold 1990). Learning of chemical cues could 
occur before or upon adult emergence and during young adult stages (Turlings et al. 1993; Du 
et al. 1997; Fujiwara et al. 2000; Storeck et al. 2000; Chow et al. 2005; Gutierrez-1banez et 
al. 2007). Exposure to chemical cues carried over on the cuticle of dead aphids (which forms 
part of the mummy case) at the time of emergence, which has been termed "emergence 
conditioning" (Storeck et al. 2000) and is supported by the "chemical legacy hypothesis" 
(Corbet 1985), is one of the main mechanisms determining the initial host preference of a 
female aphid parasitoid, although subsequent foraging experiences can rapidly change those 
initial preferences, through learning (Chow and Mackauer 1992). In our study, some form of 
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"chemical legacy" conditioning within the body of the host aphid is unlikely to have been a 
contributing factor in the inconsistent influence of the aphid sex pheromone because both A. 
ervi N* and A. ervi B* were reared on parthenogenetic aphid morphs and therefore could not 
have had any contact with aphid pheromone components prior to our behavioural 
experiments. However, conditioning to different plant cues and aphid host cues during 
rearing would almost certainly have occurred and this appears to have affected the parasitoid 
response to the pheromone. 
Interestingly, A. ervi females also showed variation in their response to the aphid 
pheromone when they were reared on closely-related plants (behavioural experiment 2) even 
when the host aphid was the same {A. pisum on either broad bean or peas). Similar to 
behavioural experiment 1, the host preference towards the plant on which they had been 
reared was more apparent when the pheromone was present (the second foraging attempt). It 
is still not clear why the parasitoids, as in experiment 1, only seemed to respond to the aphid 
sex pheromone, nepetalactone, by increasing the foraging time spent on the plant when this 
was the plant species on which they had been reared, especially when a significant 
preference for the rearing host was not evident in the first foraging attempt, particularly in 
the case of A. ervi B*. It is very important at this stage to point out that the origins of the 
two different cultures used in this behavioural experiment were the same. Both A. ervi P* and 
A. ervi B* were established from A. ervi mummies collected from broad bean plants and had 
the same host aphid, consequently, these results cannot be explained in terms of adaptation 
to a particular host aphid. 
Additionally, each perceived environmental elicitor (chemical or physical) induces a 
potential behavioural response that can range from zero to nearly maximum depending upon 
the current physiological state of the parasitoid, and there is an intrinsic relationship 
between the variability of responses and the strength of the response potential, strong 
responses are less variable than weak ones (Vet et al. 1990a). Because there is more than one 
elicitor involved in our behavioural experiments (chemical and physical information from the 
plant as well as the aphid sex pheromone), it could be that the relative strength of cues from 
the plant influences the level of behavioural response to the pheromone, resulting in the 
variation of behavioural responses recorded. However, further work would be needed to test 
this hypothesis. 
114 
Chapter 5 Trophic levels 
Finally, it is very important to note that the host transfer treatments made in our 
behavioural experiments were done using laboratory cultures. Due to the small founder 
numbers and the low population sizes associated with parasitoid cultures, genetic drift and 
genetic bottlenecks can occur easily (Mackauer 1976; Unruh et al. 1983; Hopper et al. 1993), 
and this has been shown for the parasitoid A. ervi (Unruh et al. 1983). It is possible that a 
chance effect of establishing A. ervi cultures using a very low number of individuals, or 
subsequent inbreeding or loss of some alleles from the populations, especially in the case of 
A. ervi B*, has resulted in the loss of the ability to respond to a specific host plant and that 
this hindered the response to external foraging cues (the pheromone in our case). 
Unfortunately, not enough experiments have been done to investigate the genetics of 
parasitoid responses to olfactory cues to be able to suggest a specific mechanism by which 
this could happen. 
The implications of the effects observed in our behavioural experiments for 
manipulating parasitoids in the field are probably not dramatic, since field populations should 
not suffer from the same genetic constraints as laboratory cultures. Field populations of the 
same parasitoid species are able to exist as specialised subpopulations, associated with 
different host aphids, and that was demonstrated for A. ervi (Cameron et al. 1984). However, 
the outcomes of this study could be important for biological control strategies that combine 
mass release of reared parasitoids vAth manipulation using aphid sex pheromones. If the 
parasitoids' response to aphid sex pheromones is changeable depending on the host plant on 
which they have been reared, and are affected over time under laboratory rearing, then extra 
care should be taken v/ith mass rearing protocols. For example, nettle is a margin plant and 
an alternative host plant for many natural enemies whereas broad bean and peas are crop 
plants. Therefore during any aphid control strategy using aphid sex pheromone deployment to 
promote the spatial and temporal synchronisation between aphids and parasitoids (Powell and 
Pickett 2003), it is important to guarantee that the searching potential on the target crop 
plants is enhanced more than on non-crop ones, nettles in this case. Moreover, it is important 
to regularly augment rearing cultures with field collected wasps, and to assess the responses 
of the laboratory reared wasps periodically to ensure that changes in behavioural responses to 
foraging cues have not occurred. 
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It would be very useful in the future to repeat those experiments described above but 
with A. ervi cultures conditioned to aphid sex pheromones by rearing them on sexual morphs 
of aphids and then to assess their behavioural responses to the pheromone. 
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Chapter 6 Genetics as a source of variation in the response of 
Aphidius ervi to aphid sex pheromones 
6.1 Introduction: 
In general, phenotypic plasticity is changeable and it may evolve like any other quantitative 
attribute (de Jong 2005). In particular, parasitoids show a remarkable phenotypic plasticity 
which is due to their effective learning abilities (Turlings et al. 1993), and the interaction 
between these learning skills, innate and conditioned behavioural responses (Poppy et al. 
1997b) is an important element in shaping a parasitoid's effectiveness as a biological control 
agent. However, it seems that the parasitoids' response to aphid sex pheromone is more 
innate than it is learnt. The positive response of naive A. ervi individuals to aphid sex 
pheromones in olfactory bioassays has demonstrated that learning is not involved in this 
response, and supports the theory that the parasitoid response to the aphid sex pheromones 
is innate, in the sense that it is not learnt through experience (Poppy et al. 1997a). Moreover, 
because naive females responded to the pheromone even though they had been reared on 
asexual aphid morphs and had therefore had no contact vnth the aphid sex pheromones 
during development or upon emergence, the possibility of involvement of developmental 
conditioning or post-emergence experience in provoking this response is removed (Glinwood 
et al. 1999a; Glinwood et al. 1999b). However, the genetic contribution to phenotypic 
variation in this response has ,not been investigated and because of this paucity of empirical 
data, genetic effects on this response are currently less clear than other non-genetic factors 
(i.e. learning through experience). 
There is a lack of research that investigate the genetic basis of variability in 
parasitoid responses to the different foraging cues which may be due to the difficulties of 
separating between the genetic and experiential effects (Poppy 1997; Wajnberg 2004). 
Nevert:heless, the few studies that have been conducted to investigate this area show the 
existence of such genetic variability in parasitoid responses to semiochemicals, most of which 
have concentrated on stimuli from host-plant complexes (Prevost and Lewis 1990; Potting et 
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al. 1997; Perez-Maluf et al. 1998; Gu and Dorn 2000; Campan et al. 2002; Wang et al. 2004). 
Studying the genetic component of different behavioural responses to different 
semiochemical foraging cues, could allov/ us to identify- some genes that express a specific 
response to a specific chemical cue, which may be a future approach to the genetic 
manipulation of parasitoids. 
Vet et al. (1990a) and Vet and Dicke (1992) argue that responses to cues that are 
directly host-derived (in this case aphid sex pheromone) should be congenitally fixed and 
strong, as such cues are intimately and reliably linked with the material presence of the host. 
However, there is an intrinsic relationship between the variability of responses and the 
strength of the response potential, strong responses are less variable than weak ones. Thus, 
interesting questions arise; is the variation of A. ervi response to aphid sex pheromones 
genetically fixed? If yes, is it a quantitative trait? If yes, could we use it in the genetic 
manipulation of parasitoids to improve biological control strategies? 
This chapter reports an attempt to investigate the genetic basis of the response of A. 
ervi to the aphid sex pheromone, nepetalactone, by comparing the responses of two 
isofemale lines (or family lines) of A. ervi and an insectary-maintained laboratory population 
(none isofemales of A.ervi) to nepetalactone over two consecutive foraging attempts. There 
are many methods for measuring the intrapopulation genetic variation such as parent-
offspring regression, breeding selection, and family analysis (Wajnberg 2004) ( see Section 
1.4.3 for details). The latter method was used in my study because of its simplicity compared 
to the other methods and for its suitability to the analysis of quantitative evolutionary 
genetics in a diversity of species (David et al. 2004). Moreover, and to eliminate any doubts 
about the purity of our isofemale lines, which were sub-cultured from already existing inbred 
lines at Rothamsted Research, supportive molecular studies using DNA microsatellites were 
conducted using DNA isolated from individuals collected from the same two isofemale lines 
used in our behavioural experiment. Two microsatellite loci were amplified using polymerase 
chain reaction (PCR) and the allele sizes were scored by comparison with internal size 
markers using Genotyper software. 
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6.2 Materials and methods: 
6.2.1 The establishment of isofemale lines: 
The two A. ervi isofemale lines used in this chapter were sub-cultured from an already 
existing A. erW inbred line at Rothamsted Research, established from approximately 100 
field-collected mummies and maintained for more than 15 generations on broad bean plants 
and A. pisum. Two mated A. ervi females from that inbred line were randomly selected and 
each one was kept in a separate rearing cage with six broad bean plants infested with a 
mixed-aged population of pea aphid, A. pisum. The progeny of each isofemale (brothers and 
sisters) where kept together in one rearing cage to build up the population number of each of 
them in chambers at 18 ± 1°C, 75 ± 5 % relative humidity, and 16L: 8D photoperiod. Attempts 
were made to establish five isofemale lines but only 2 survived through the next 7 
generations. After the seventh generation, a reasonable population number was reached for 
both conducting the behavioural experiments and maintaining the isofemale lines. 
6.2.2 Observational behavioural experiment, using the isofemale lines: 
This behavioural experiment was designed to investigate whether the level of response of A. 
ervi females to nepetalactone is genetically fixed by comparing the searching behaviour of 
females from two family lines and a normal population (as a control) over two consecutive 
foraging attempts. Inbreeding reduces the total genetic variation within a population equal to 
the sum of the variation represented by the isofemale lines within that population, 
Therefore, any observed differences among A. ervi lines may be due to genetic differences. 
Eighteen replicate females were tested for each treatment and their behaviour was measured 
over two attempts with the presence of nepetalactone in the second foraging attempt only. 
The experimental design was as follows: 
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Treatment First foraging attempt Second foraging attempt 
Control A Intact plant 
without pheromone 
Intact plant 
with the presence of pheromone 
isofemale B Intact plant 
without pheromone 
Intact plant 
with the presence of pheromone 
isofemale C Intact plant 
without pheromone 
Intact plant 
with the presence of pheromone 
For the behavioural experiment, mummies obtained from each family line (isofemale 
B or C) were isolated singly in micro tubes (1.5 ml) with two drops of honey solution (50%) on 
the lid and with a small hole for ventilation, and l<ept under the same environmental 
conditions mentioned above until emergence. Additionally, mummies from ordinary cultures 
(not a family line) were collected at the same time and isolated as mentioned above to form 
the control treatment (control A). 
Statistical analysis: 
The same model mentioned in Chapter 2 (see statistical analysis 2.2.4) was fitted for this 
experiment. However, the only difference was in specifying a different residual variance for 
each Treatment, it is expected that the Treatment levels (Control A, isofemale B and 
isofemale C) differ in two aspects. Firstly, they might behave differently by having a distinct 
response to the pheromone. This is tested by the significance of the factor Treatment 
obtained from using a Wald test. Secondly, both the two isofemale lines (B and C) and the 
normal population (A) can differ in their variability within each of them, given that they have 
a different response or not to the sex pheromone. In this study, it is expected that the 
control A is more variable than the family lines B and C. This was investigated by estimating a 
particular residual variance component for each family (B and C) as well as the normal 
culture (A). In order to test this, a model with a single residual variance was compared v/ith a 
model with multiple variances using the likelihood ratio test and comparing it to a 50-50 chi-
square critical value. 
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The response variables were subjected to several transformations. The following were 
considered: logarithmic transformation of base e for Total-time (logTotal) and T_Walk 
(logWalk). For Prop_Walk, no transformation was required (see Appendix D). 
Apart from these differences mentioned above, all the materials and methods described in 
Chapter 2 were followed in this chapter. 
6.2.3 Molecular study on the isofemale lines of A. ervi: 
DNA extraction: 
For this part of the study, 39 virgin females from family B and 44 virgin females from family C 
were isolated in micro tubes (1.5 ml) and killed by freezing at -80°C. DNA was extracted using 
the DNeasy® Tissue Kit (Qiagen) with the following adjustments. As a starting material, each 
individual female was ground up in liquid nitrogen vnth a small plastic pestle and the 
resulting powder was placed in a 1.5 ml microcentrifuge tube. In step 8 of the protocol for 
animal tissues (DNeasy® Tissue Kit Handbook, 2007, Qiagen); genomic DNA was eluted with 50 
pi buffer AE instead of 200 pi to increase the final DNA concentration. After extraction, the 
genomic DNA of each individual was kept at -80 °C ready to be used for Microsatellite PCR. 
Amplification of tv/o Microsatellite loci: 
Using the DNA genomic from the previous step, two microsatellite loci (47a, GenBank 
Accession: AF336992, Primer sequences: 5'-GATGCAAAACCACTATAACCATT-3'; 3 ' -
TGCCACAATATTCACAACATCA-5' and 78a, GenBank Accession: AF336995, Primer sequences: 
5'-ACGTGCTGTATCACCAGTTGC-3'; 3'-CACCCAGTGCCATACGAATAC-5') were amplified using 
GeneAmp 9700 PCR system (Applied Biosystems) in 10 pi reactions containing 1 pi genomic 
DNA, 1x PCR Buffer (20 mM Tris-HCL, pH 8.4, 50 mM KCl), 2 mM MgClz 0.2 mM each dNTP, 2 
pmol of each primer, 0.5 units Taq polymerase (Life Technologies). The amplification cycle 
conditions were as follows: 1 min at 90 °C, and then 35 cycles of 50 s at 95 °C, 1 min at 51 
(the PCR annealing temperature Ta for both 47a and 78a), 1 min 30 s at 72 °C, and then a 
final extension step for 45 min at 72 °C (Hufbauer et al. 2001). After that, the reactions were 
separated on ABl Prism® 3100 genetic analyzer (Applied Biosystems) using POP-6™ polymer 
and 36 cm arrays. A constant injection voltage of 3.0 kV was used. Allele sizes were scored 
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using Genotyper® 3.7 software (Applied Biosystems) by comparison with internal size 
markers. 
6.3 Results: 
6.3.1 Results of the observational behavioural experiment: 
The results of the REML analysis indicated that there was a large effect of individual (Ind) for 
all variables. No statistical significance was found for any of the factors under study, with the 
exception of the Attempt factor for al l variables (P< 0.001) (Table 6.1). For the latter 
variable, there was a significant increase in the mean of total time spent on the plant from 
approximately 843 seconds on the first plant to 1567 seconds on the second and an increase in 
the time spent walking on the plant from 239 seconds on the first plant to 753 seconds on the 
second one. However, the interaction "Treatment.Attempt" was not statistically significant, 
indicating that even though there was an increase in the values of the variables between first 
and second foraging attempt, this increase was the same across all treatments (Table 6.2). 
in summary, it can be concluded that there is no statistically significant effect of the 
treatments (normal population A, inbred B or inbred C) or their interaction on any of the 
variables under study. The parasitoids tended to spend significantly more time searching on 
the second plant, when the sex pheromone was present, but this was not affected by whether 
they were from isofemale lines or from the normal insectary population. 
in relation to the residual variances, the different estimates are shown in Table 6.3 
for both single and multiple residual models. In all cases, there were no statistically 
significant differences between these models. 
In conclusion, there were no relevant differences between the three different 
populations of A. ervi (A, B and C), in their means or variances. Therefore, their responses to 
the aphid sex pheromone can be considered equivalent. 
it is important to note, that due to the collapse of line C while conducting this 
behavioural experiment, only 18 individuals of A. ervi were used from each population which 
may be considered a small number of replications. Nevertheless, a larger number of females 
may not necessarily improve the analysis, because A. ervi individuals still present a large 
variability independent of the treatment applied. 
122 
Chapter 6 Genetic variation 
logWalk logTotal Prop_Walk 
VARIANCE COMPONENT Estimate Estimate Estimate 
Ind 0.285 0.084 0.019 
Residual 0.273 0.214 0.018 
Factor p-value p-value p-value 
Order 0.470 0.391 0.549 
Treatment 0.158 0.216 0.567 
Attempt < 0.001 < 0.001 < 0.001 
Treatment.Attempt 0.546 0.602 0.554 
Table 6.1 Summary of statistical analysis using a mixed linear model for response variables (after 
transformations) of A. em" females from two isofemale lines and an insectary population during two 
consecutive foraging attempts on different broad bean plants. n= 18. Degrees of freedom (denominator) 
= 95. 
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Treatment Attempt T_Walk Total_time Prop_Walk 
A 1 320.86 1026.59 0.3497 
A 2 905.96 1702.75 0.5839 
Difference -585.11 -676.16 -0.2342 
B 1 223.18 814.85 0.3295 
B 2 671.83 1528.44 0.4945 
Difference -448.64 -713.59 -0.165 
C 1 192.10 716.95 0.3198 
C 2 704.160 1478.82 0.5150 
Difference -512.06 -761.87 -0.1952 
Table 6.2 Predicted means of Treatment and Attempt combination for back-transformed response 
variables of A. erv; females during two consecutive foraging attempts (1 and 2) on different broad bean 
plants. A= Females from normal insectary culture, B= Females from isofemale line B, C= Females from 
isofemale line C. Nepetalactone was present only when searching on the second broad bean plant. n= 
18. 
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Variable Analysis Individual Variance 
Residual 
Variance Deviance p-value 
logTotal 
Single 
Multiple 
0.0842 
0.0867 
0.214 
0.128' 
0.229 
0.227 
3.99 
0.74 0.064 
logWalk 
Single 
Multiple 
0.2848 
0.2744 
0.273 
0.202 
0.305 
0.325 
52.83 
51.62 0.0492 
Prop_Walk 
Single 
Multiple 
0.0197 
0.0198 
0.0184 
0.0184 
0.0247 
0.0122 
-207.71 
-209.97 0.172 
Table 6.3 Variance component estimates and test of significance of multiple residual errors of A. ervi 
females during two consecutive foraging attempts. n= 18. 
6.3.2 Results of the molecular study: 
For family B,. the amplification worked for just 32 individuals out of 39 tested females of A. 
ervi. On the other hand, the amplification was successful for 42 individuals of A. ervi out of 
44 in family C. 
For the locus 47a, two alleles were found, 293 bp (allele 1) and 295 bp (allele 2). For 
family B, only allele 1 was present in the 32 tested females and none of them had allele 2 
(Figure 1.6). Consequently, the frequency of allele 1 was 100 % and it was fixed in the family 
B. However, in family C and out of 42 tested females, 19 had allele 1 only, 22 had allele 2 
only and one individual was a heterozygote (had both alleles 1 and 2) (Figure 6.2). 
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For the locus 78a, only one allele was found, 120 bp (allele 3).The latter was present 
in all 32 individuals from family B and in all 42 individuals from family C. Therefore the 
frequency of allele 3 was 100 % and it was fixed in both isofemale lines B and C. 
Our results from amplifying two microsatellites from our isofemale lines B and C were 
compared with results from the normal insectary population (a population of A. ervi kept at 
Rothamsted Research for more than 4 years and originally established from a wild population 
of A. ervi, which was used as control population A) .For the locus 78a, two alleles were found 
in the insectary population (Hernandez-lopez, Rothamsted Research, personal 
communication) compared v^th 6 alleles was found in a wild population of A. ervi in a study 
by (Hufbauer et aL 2001). For the locus 47a, also 2 alleles were found in the insectary 
population (Hernandez-lopez, Rothamsted Research, personal communication) compared with 
9 alleles were found in a wild population of A. ervi (Hufbauer et aL 2001). 
In summary, although our isofemales lines (B and C) showed a low variability in 
general compared with the insectary population, it seems that the populations of A. ervi kept 
in the insectary at Rothamsted Research also showed a low variability, when compared with 
published data for a wild population, which may be due to inbreeding. 
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Figure 6.1 Partial view of locus 47a microsatellite chromatogram using ABl Prism 3100. Peaks 
correspond to allele 1 in six individuals from isofemale line B of A. ervj. The size of the amplified allele 
was 293 bp (base pair). 
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Figure 6.2 Partial view of locus 47a microsatellite chromatogram using ABl Prism 3100. Peaks 
correspond to allele 1 and allele 2 in six individuals from isofemale line C of A. ervi. The size of the 
amplified alleles was 293bp (base pair) for allele 1 and 295 for allele 2. 
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6.4 Discussion: 
Although our results showed no significant differences between the isofemale lines and the 
insectary population of A. ervi in their response to aphid sex pheromones, the importance of 
the genetic component as a source of variation cannot be ignored for many reasons. Firstly, 
we were dealing with a small population of A. ervf that probably suffered from either 
inbreeding or genetic drift, both of which could cause low genetic variability (Hopper et aL 
1993), and this was supported by our molecular results (the low frequency of the alleles in 
the insectary population of A. ervi kept at Rothamsted Research). Secondly, the variability 
among individuals in any population is the interaction between variance due to environmental 
effect VE and the variance of genotypes Vc (Collins 1984), which in turn can be divided into 
variance due to additive genetic effects VA, variance due to dominance effects VD, and the 
variance due to the interaction between the loci involved in determining the trait under study 
Vi (Falconer 1989). Therefore, it seems that the genetic factor may be a very sophisticated 
element and may be masked by other factors such environment, physiological state of 
parasitoids or phenotypic plasticity, which are very difficult to completely control in the 
behavioural studies. Thirdly, measuring the variability among individuals for any trait requires 
experimental protocols involving many replicates to obtain solid estimates of mean (Roitberg 
1990), and for isofemale lines, a balance between the number of tested families and the 
number of individuals measured in each studied family should be found to reach an accurate 
estimation of the genetic variation (Shaw 1987; Falconer 1989). However, that also depends 
on the time needed to measure each individual (replicate) and how difficult it is to keep the 
established families under study. In our study, the time to measure each female was long, 
which made the number of replicates for each experiment session low and maintaining the 
isofemale lines proved difficult (starting with 5 lines and ending with 2 only ). However, our 
study was a first attempt to highlight the genetic variation in the parasitoids' response to 
aphid sex pheromones and could be the first step to further investigations in this area. 
Fundamentally, the important traits of a potential biological control agent depend on 
the nature of the pest which is controlled, on the ecological features of the crop which is 
protected, and on the type of release (inoculative, inundative) which v^Tl be used (Hoy 1976; 
Roush 1979). In classical biological control programmes, the influence of intraspecific. 
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genetic variability on the performance of parasitoids released and on the success or failure of 
such methods has been investigated (Hoy 1985; Roush 1990b; Hopper et al. 1993; Wajnberg 
2004). Hov/ever, the impact of genetic factors can be as important for classical biological 
control as for both augmentative releases of parasitoids and conservative biological control 
(Poppy and Powell 2004). In this context, the studies that have covered the intrapopulation 
genetic variation in quantitative attributes of A. ervi are very limited (Sequeira and Mackauer 
1992; Henter 1995; Gilchrist 1996) and none of these studies was related to biological traits 
involved, in behavioural responses to the different host cues (e.g. aphid sex pheromones). For 
example, Henter (1995) showed a significant additive genetic variance, within a single 
population of A. ervi, in their abilities to parasitise their aphid host A. pisum by measuring 
the proportion of mummies formed by 47 half-sib families. On the other hand, many studies 
have been conducted on other parasitoid wasps such as Trichosramma brassicae (Chassain 
and Bouletreau 1991; Fleury et al. 1993; Wajnberg 1993; Bruins et al. 1994; Wajnberg 1994; 
Wajnberg and Colazza 1998; Pompanon et al. 1999). 
Similar studies were conducted using the analysis of isofemale lines in order to 
estimate the genetic variation in the olfactory response of parasitoids. Prevost and Lewis 
(1990) compared t;he flight response to airborne allelochemicals in four isofemale lines of the 
parasitic wasp Microplitis croceipes (Cresson) for three generations in a flight tunnel. Their 
study demonstrated that the flight response of Ai. croceipes to volatiles from a plant-host 
complex was genetically variable but the family responses did not vary significantly among 
generations (p= 0.155). However, this work relied on the response of experienced individuals 
(wasps v/ith pre-exposure to leaves of the host-infested cowpea seedling contaminated v/ith 
host faeces), so that it could not differentiate between innate responses and those acquired 
through learning, van Baaren et al. (2005) conducted a similar analysis of isofemale lines 
established from a field population of the parasitic wasp Cotesia glomerata (L.), in which the 
flight response of naive female wasps to a host-infested plant was examined. This study 
showed the existence of an additive genetic variance in the innate olfactory response of the 
parasitoid. 
Similarly, other studies used other methods (other than isofemale lines) to investigate 
the genetic variability of behavioural responses in parasitoids. Wang et al. (2003) established 
40 full-sib families of C. glomerata and these were assessed for flight orientation and landing 
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success in response to a host-plant complex in a wind tunnel bioassay. From those 40 families 
a bi-directional selection was conducted based on two families, one of which showed the-
highest level of response, the other showed the lowest level of response. The results revealed 
that after the first generation, the two selected strains differed in both flight orientation and 
landing success. Moreover, this divergence continued v/ith further selection and the two 
selected strains genetically differed in olfactory perception rather than upwind flight ability. 
Additionally, using the same tritrophic system, the same group tried to investigate the 
genetic relationship between olfactory response and fitness in C. glomerata, using a paternal 
half-sib analysis (Wang et aL 2004). The results showed no significant genetic correlation 
between olfactory response and the three life-history traits under study (the development 
time of immature stages, the body size of female wasps and the number of female wasps per 
brood). However, there was a genetic relationship between the efficiency of parasitism and 
the olfactory response of C. glomerata, females from the high olfactory -response strain were 
more effective, parasitising more hosts within a cabbage plant patch. Crossing has also been 
used as an effective method to investigate the genetic contributions to phenotypic variability 
and in establishing the genetic structure of biological traits, including responses to foraging 
cues (Hopper et aL 1993). Powell and Wright (1988) conducted crosses between the sibling 
species A. ervi and A. microlophi (at the time they were considered two host-associated races 
of A. ervi) and the results suggested a strong influence of the genotype on host preference, 
measured as the production of mummies on different hosts during a standard bioassay. When 
reared on pea aphid A. pisum, A. ervi produced fewer mummies when confined with nettle 
aphid M. carnosum than when confined v/ith pea aphid (its original host). However, the 
progeny of crossing A. ervi females x A. microlophi males regularly performed well on both 
nettle aphids and pea aphids, although they have been reared on the latter. In the same 
study but testing the attack rate, A. ervi made very few oviposition attacks on nettle aphids, 
whereas the hybrid females attacked the latter as frequently as did A. microlophi. 
Other studies have covered the genetic component in the response to odours from the 
host habitat but by comparing different strains originating from different geographic areas 
(intraspecific variation). For example, Campan et aL (2002) compared two geographic strains 
(one from Nasrallah, Tunisia, and the other from Brazzaville, Congo) of the parasitic wasp 
Leptopilina boulardi Barbotin et al and their hybrids for their innate oviposition probing 
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behaviour in response to fruit aromas. The results shov/ed a strong genetic basis in the 
response to odours from the host habitat. While the probability of probing was an apparent 
complete dominance of Nasrallah characteristics, it was due to additive inheritance in the 
Brazzaville lineage. All these previous empirical studies mentioned above showed that a 
significant part of phenotypic variation in odour-guided behaviours of parasitoids is genetic in 
origin. 
Our simple observation may be an opening study to a very wide area of research, 
which was beyond the scope of this PhD study. Time and space limitation hindered our 
investigations but future work should be done to gain an insight into the genetic origins of the 
parasitoids' response to aphid sex pheromones. Breeding selection could be a promising 
method to demonstrate the existence of significant genetic variability in this response by 
selecting individuals which show high and low response levels to aphid sex pheromones and 
establish populations out of these individuals (similar to the work done be Wang 2003, 2004). 
This method could be the way to detect the existence of any inheritance in this response and 
could help to commence breeding programmes to improve the efficiency of the released 
parasitoids in the different biological control methods (Wajnberg 1991). Alongside these 
•genetic studies, more research is needed to evaluate the potential constraints of released 
selected strains such as the long-term survival of the strains in the wild and the loss of 
selected characters through subsequent outbreeding with wild populations (Poppy and Powell 
2004). Additionally, within strains selected for their ability to respond to a specific foraging 
cue, there is always a possibility of the rapid loss of that character owing to the parasitoids 
abilities to change their response in nature through experience. For that specific reason, 
there is a research gap in the biological traits related to both host habitat selection (response 
to plant odours) and host recognition (response to host cues) in which intrapopulation genetic 
variation has been studied (Wajnberg 2004). 
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Chapter 7 General discussion 
Vet et al. (1995) and Vet (2001) stated that as our knowledge of the mechanisms governing 
the host finding behaviour of parasitoids increases, the possibility of manipulating this 
behaviour to our benefit becomes more approachable. Variation in the foraging behaviour of 
individual parasitoids can have an important impact on parasitoid-host population dynamics, 
and it is fundamental that our knowledge of the parasitoids' individual behaviour is 
considered in the context of population ecology if full advantage is yet to be made of this 
knowledge for the development of biological control strategies. 
The aim of this study was to investigate some of the factors that influence the 
observed variation in the response of the parasitoid Aphidius ervi to aphid sex pheromones, 
by comparing its searching behaviour v/ith and without the presence of the aphid sex 
pheromone (nepetalactone). As it was the first attempt to investigate such a variation in this 
response, the basic information was sought from behavioural experiments in the laboratory in 
order to inform strategies being developed to deploy the pheromone at the field scale in the 
future. 
Using natural enemies within integrated pest management (IPM) programmes is 
becoming a necessity due to the rapid and widespread development of resistance to 
pesticides, especially in aphids (Foster et ai. 2007). Moreover, because insecticides can 
severely damage natural enemy populations (Jepson 1989) and pollute our environment, the 
demand for alternative pest control methods is increasing. Manipulating the resident 
parasitoid fauna using semiochemicals may be a promising tool and it could have advantages 
over the other traditional biological control approaches. Mass release of aphid parasitoids in 
field crops could be expensive and could face problems related to parasitoid dispersal, 
parasitoid host preference and fitness loss during long-term laboratory rearing. The emphasis 
of biological control may now be focusing more on the potential of conserving and 
manipulating wild populations of parasitoids (Brewer and Elliott 2004; Naranjo et al. 2004; 
Rebek et al. 2005; Shaw 2006; Wackers 2007). 
Aphidius ervi is an important biological control agent for some economically 
important aphids such as the pea aphid, Acyrthosiphon pisum, and the cereal aphid Sitobion 
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avenae. In order to manipulate its behaviour in the field using synthetic aphid sex 
pheromones (Powell et al. 1998), it was important to investigate the effect of the exposure 
to aphid sex pheromones on the parasitoids' searching behaviour on the plants and its effect 
on parasitoid movement between host plants. A proposed strategy (Figure 7.1) involves the 
movement of parasitoids between the field margins and the crop area, and vice versa. The 
work in Chapter 3 was an attempt to mimic this movement at a laboratory scale and to 
investigate the influence of aphid sex pheromones on this behaviour. Chapter 3 demonstrated 
the role of the pheromone as an arrestant in the searching behaviour of A. ervi and its 
additive effect when it was presented with other foraging cues, such as aphid-induced plant 
volatiles. The positive interaction between both cues which, was demonstrated in Chapter 3, 
could have an important application in the field. Herbivore-induced plant volatiles are 
important foraging cues (Arimura et al. 2005) and their importance has even been 
demonstrated belowground (Neveu et al. 2002; Aratchige et al. 2004; Rasmann and Turlings 
2008). If sex pheromone lures are to be used in the field to manipulate parasitoids they would 
be expected to function in the presence of cues from host plants and the insect host-plant 
complex. Consequently, it would be essential for the two cues to work in harmony in any 
biological control strategy. 
Figure 7.1 Representation of a strategy to promote the early season synchronisation between aphids 
and parasitoids, using synthetic aphid sex pheromones. 
Aphids 
Field Margin 
Crop 
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The overriding conclusion from the v/ork in Chapter 4 is that the physiological state of the 
parasitoid, v/hich is usually standardised in most behavioural bioassays, could have a crucial 
impact on the variation in the parasitoids' response to aphid sex pheromones. Virgin, well-fed 
and high egg-load females were more active in the presence of the aphid sex pheromone than 
mated, hungry and low egg-load females. These basic findings could have an important effect 
on the application of any biological control strategy. For example, the role of food 
availability, as well as the methods by which different parasitoid species forage for food, 
should be well studied before any biological control strategy is implemented (i.e. 
conservation and augmentation). This knowledge is necessary for designing agroecosystems 
(e.g. the field margins) in which optimal food sources are available for parasitoids and other 
beneficial insects. Moreover, the findings of this chapter could question our understanding of 
the effect of a parasitoids' experience on the response to aphid sex pheromones. The 
physiological state of a parasitoid can determine what learnt information is used in 
subsequent foraging (Lewis and Takasu 1990). However, more research is needed to link 
between the physiological state of a parasitoid, its response to aphid sex pheromone and the 
learning process. 
Price et al. (1980) pointed out that the ecology of a species can not be considered 
without regarding the other trophic levels present within the ecosystem. One particularly 
important finding from work in Chapter 5 was to highlight the importance of studying the 
response of parasitoids to aphid sex pheromones in different tritrophic systems. A. en/i 
response to aphid sex pheromones varied depending upon which host plant or aphid they were 
reared on. It is known from previous work on host sv/itching trials (Cameron et al. 1984; 
Pungeri 1984; Pennacchio et al. 1994) and olfactory bioassays (Powell and ZhangZhi 1983) 
that A. ervi populations attacking the pea aphid, A. pisum, and the nettle aphid, M. 
carnosum, were separate races or biotypes, and consequently, A. ervi attacking Al. carnosum 
has been described as a separate species, Aphidius microlophii (Pennacchio and Tremblay 
1987). The outcomes of our study are probably not dramatic when it comes to manipulating 
parasitoids' behaviour in the field, since A.ervi is ployphagous and its field populations may 
Involve host-associated groups with different host preferences Influenced by genotype 
(Cameron et al. 1984; Powell and Wright 1988), and should not suffer from the same genetic 
constraints as laboratory cultures. However, the results of this study could be important for 
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biological control strategies that combine mass release of reared parasitoids with 
manipulation using aphid sex pheromones (e.g. on glasshouse crops). If the parasitoids' 
response to aphid sex pheromones is changeable depending on the host plant on which they 
have been reared, and are affected over time under laboratory rearing, then extra care 
should be taken with mass rearing protocols. For example, nettle is a margin plant and an 
alternative host plant for many natural enemies, therefore, during any aphid control strategy 
using aphid sex pheromone deployment to promote the spatial and temporal synchronisation 
between aphids and parasitoids (Powell and Pickett 2003), it is 1mport:ant to Insure that the 
searching potential on the target crop plants is enhanced more than on non-crop ones, nettles 
in this case. Moreover, it is Important to regularly augment rearing cultures v/ith field 
collected wasps, and to assess the responses of the laboratory reared wasps periodically to 
ensure that changes in behavioural responses to foraging cues have not occurred before 
release. 
The future work on the parasitoids' response to aphid sex pheromone could be a wide 
area of study as suggested by the work in Chapter 6. The innate response of A. ervi to aphid 
sex pheromones was demonstrated throughout the different chapters (the response of naive 
A. erW females to nepetalactone as a searching stimulus). Although our isofemale lines 
showed no differences In their response to aphid sex pheromones compared to an insectary-
maintained laboratory population (supported by molecular study using NDA microsatellites), 
further investigations are needed, using more Isofemale lines of A. ervi obtained from a 
variety of sources, to accept or reject the genetic basis of the behavioural response. Time 
limitation in this study hindered further investigations in this area. However, working with 
wild populations of A. ervi could elucidate the genetics that underpin or control this 
behavioural response and it would be valuable for work with aphid parasitoids, and may have 
general implications for rearing of parasitoids for biological control, such as the potential of 
selectively breeding strains with high levels of response to the pheromone. 
Integrated pest management Involves, by definition, a variety of practices, not 
necessarily excluding the use of conventional pesticides. Since it is unlikely that a strategy 
based on a single semiochemical can alone cause a reduction in a pest population or plant 
damage, their potential Importance lies in combined and integrated use (Pickett et al. 1997). 
Way and van Emden (2000), discussing the success of IPM application, wrote 'the priority 
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should be given to the application of right kinds of applied ecological and associated 
behavioural work in real situations in the field'. Although our study involved purely 
behavioural observations in the laboratory, it provided some important insights which should 
be taken into account when using aphid sex pheromones in manipulation strategies, in 
autumn, the attraction of parasitoids to pheromone lures deployed in the field margins is 
considered a potential approach to conserving field populations and its success depends on 
the provision of suitable host aphids and plants for the attracted parasitpids. The ideal 
approach would be to encourage non-pest aphids in the field margins, providing alternative 
hosts for the parasitoids. However, our study indicated that extra care should be taken when 
deciding which plants or aphids are to be established in the field habitat (Chapter 5). in 
spring, emerging parasitoids could be attracted to the adjacent crop using pheromone lures 
again. However, providing food resources and mating opportunities for the emerged 
parasitoids is essential to enhance such attraction (Chapter 4). The time of the lures' 
deployment is important to guarantee the harmony with aphid arrival; additionally monitoring 
such movement is important (Chapter 3). Even the usage of other biological control methods, 
such as augmentative releases could be possible to function with manipulation strategies if 
released parasitoids had a specific response to aphid sex pheromones (Chapter 6). 
In conclusion, this study was the first attempt to link between the searching 
behaviour of the aphid parasitoid, Aphidius ervi, and its response to aphid sex pheromones 
and the variation in this response in laboratory experiments. It has suggested the potential of 
using such a response in biological control programmes but it has shown that more work is yet 
to be done to investigate the genetic basis of such behaviour. 
Future work: 
A greater understanding of the behavioural ecology of the aphid-parasitoid interaction v^Tl be 
required in order to improve the degree of success v^'th which we may exploit it. The 
agroecosystem is complicated and we have just concentrated on one species, A. ervi, which is 
a specialist parasitoid and it would be interesting to investigate the variation in the response 
to aphid sex pheromones for generalist aphid parasitoids as they usually employ different 
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foraging strategies. Moreover, with the new scopes in molecular biology in insects, it may be 
possible to construct a new approach to investigate other potential uses of the response to 
aphid sex pheromones (specific strains of parasitoids with specific abilities of response), 
starting from wild populations of parasitoids. 
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Behavioural Experiment 1: mated and virgin females 
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Behavioural Experiment 1: nettle plants and nettle aphids 
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Appendix D Chapter 6 
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